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ABSTRACT 
Switchgrass (Panicum virgatum) is an important bioenergy crop in United States. 
During past decades, numerous research studies on switchgrass breeding, genetics and 
biology have been conducted to improve the biomass yield of switchgrass. It has been shown 
that tiller number is positively correlated with biomass yield in switchgrass. To facilitate 
breeding improvement for tiller production, it is urgent to understand the tillering mechanism 
at the molecular level in switchgrass. The teosinte branched 1 (tb1) gene is a well-studied 
branching related gene in grasses. Yet, the function of tb1-like genes in switchgrass is still 
not clear. Characterizing the roles of Panicum virgatum tb1 (Pvtb1) genes in switchgrass will 
provide valuable information for us to understand tillering mechanism in switchgrass. 
Reverse genetics research using gene knockout mutants is a powerful tool to characterize 
gene function. CRISPR/Cas9-based gene editing tools have been wildly in various species. 
Homozygous targeted mutants could be obtained in one generation using this effective gene-
editing tool. In this research, we established a CRISPR/Cas9-based gene editing system for 
switchgrass. A homozygous Phosphoglycerate Mutase (PGM) mutant was obtained in T0 
generation in switchgrass. Using a single construct with two target sequences targeting 
conserved regions of Pvtb1a and Pvtb1b genes, primary mutants with targeted mutations 
were obtained at frequencies of 95.5% (Pvtb1a) and 11% (Pvtb1b). The mutant nature of 
Pvtb1 genes primary mutants was characterized applying Next Generation Sequencing. Two 
chimeric mutants (35-2 and 52-1) and one heterozygous mutant (97-2) were determined 
among the primary mutants. Solid mutants with various allelic compositions of Pvtb1 genes 
were successfully isolated from the chimeric primary mutants using micropropagation. 
Further, we obtained T1 progeny containing Cas9/gRNA-induced mutations from the 
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primary mutants, which demonstrated that Cas9/gRNA-induced mutations could transmit to 
next generation in switchgrass. Additionally, through investigating the tiller numbers of these 
mutants and wild type plants, we found that Pvtb1 genes negatively control tiller production 
in switchgrass, where Pvtb1b plays a major role. Analysis of the transcriptomic profiling of 
mutant 52-1 and the wild type plant WT-1 revealed that Pvtb1 genes integrate multiple 
pathways to control tillering in switchgrass.
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CHAPTER 1 GENERAL INTRODUCTION 
Introduction of CRISPR/Cas Systems 
Clustered regularly interspaced short palindromic repeat, known as CRISPR, is 
involved in prokaryotic defense against viral and plasmid challenges (Wiedenheft et al., 
2012). CRISPRs were first discovered in the Escherichia coli genome in 1987, when they 
were described as an unusual structure including five highly homologous 29-nucleotides 
repeats with 32 nucleotides as spacing (Ishino et al., 1987). Then, CRISPRs with high 
polymorphism in different strains were found to be widely distributed among archaea and 
bacteria genomes (Bolotin et al., 2005; Mojica et al., 2005). Located on one side, these 
CRISPR loci were flanked by a common leader sequence that serve as a promoter element 
for CRISPR transcription (Jansen et al., 2002; Wiedenheft et al., 2012). DNA sequences 
analyses have shown that diverse CRISPR-associated (cas) genes were also located adjacent 
to CRISPR loci (Haft et al., 2005; Jansen et al., 2002).  
Domains characteristic for a helicase, several nucleases, a polymerase and various 
RNA-binding proteins were identified in Cas proteins, which suggested that Cas proteins 
may be involved in a DNA repair system (Jansen et al., 2002; Makarova et al., 2002). 
However, when CRISPR spacers were proved to be homologous to genes derived from 
viruses and plasmids, it became clear that CRISPRs function as a genetic memory of foreign 
DNA invasion (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). Hence, it was 
believed that Cas proteins function together with CRISPRs to defend against invaders rather 
than be involved in a novel DNA repair mechanism independently (Makarova et al., 2006). 
Over the past few years, scientists provided evidence to prove that the CRISPR/Cas systems, 
as adaptive immune systems protect prokaryotes against viruses and plasmids by sequence-
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specific targeting of foreign DNA or RNA (Barrangou et al., 2007; Garneau et al., 2010; 
Hale et al., 2009; Marraffini and Sontheimer, 2008; Mohanraju et al., 2016; Terns and Terns, 
2011).  
CRISPR/Cas immune systems include three stages: adaption, expression and 
interference (Garneau et al., 2010; Marraffini, 2015). At the adaption stage, fragments of 
foreign DNA from invaders are incorporated into the CRISPR array as new spacers. The 
expression stage involves the transcription of CRISPR array, which produces the precursor 
transcript known as pre-crRNA. Pre-crRNA is then processed to mature CRISPR RNAs 
(crRNAs). During the interference stage, a complex formed by interaction of crRNAs and 
Cas proteins targets specific genome regions of invading viruses or plasmids and cleaves 
nucleic acids of the target region. In diverse CRISPR/Cas systems, functional modules 
including various Cas proteins for these stages are different (Luo et al., 2016). Based on the 
signature Cas protein families and the structure of the cas loci, CRISPR/Cas systems are 
divided into two classes including 6 types and 19 subtypes (Makarova et al., 2015; 
Mohanraju et al., 2016; Shmakov et al., 2015). The main difference between two classes of 
CRISPR-Cas systems is the organization of the functional modules (Mohanraju et al., 2016). 
Class I systems including types I, III and IV contain functional complexes consisting of four 
to seven Cas proteins, whereas the functional complex of class II systems (types II, V and 
VI) is a single multidomain protein (Mohanraju et al., 2016).  
In type II CRISPR/Cas9 system, only a crRNA-tracrRNA hybrid is necessary for 
guiding the Cas9 protein to the targeted sequence (Deltcheva et al., 2011). Cas9 is the only 
responsible protein to cleave invading DNA in type II CRISPR/Cas systems (Garneau et al., 
2010; Jinek et al., 2012; Sapranauskas et al., 2011). Based on these molecular features in this 
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system, a simple artificial CRISPR/Cas9 system including a Cas9 nuclease and guide RNAs 
(gRNAs) were developed for programmable genome-editing (Mohanraju et al., 2016). 
 
Applications of The CRISPR/Cas9 System for Targeted Genome Editing 
Since the recognition that meganucleases can be used for genome editing (Choulika et 
al., 1995), other nucleases such as zinc finger nuclease and transcription activator-like 
effector nucleases (TALEN) had been discovered and widely used in targeted genome editing 
(Beerli and Barbas, 2002; Char et al., 2015; Li et al., 2016; Li et al., 2012; Lombardo et al., 
2007; Urnov et al., 2005; Urnov et al., 2010; Wang et al., 2014b). With these genome-editing 
tools, DNA binding domains lead the nuclease to the target region, resulting in targeted gene 
modifications. Engineering nucleases targeting different DNA sequences, however requires 
sophisticated molecular techniques and is laborious. Differently, in CRISPR/Cas9 system, 
gRNAs lead Cas9 protein to target specific sequences in the genome. The only requirement 
for gRNAs design is the protospacer-adjacent motif (PAM) NGG trinucleotide. Because 
there are abundant PAM (NGG) sequences in most genes, numerous single guide RNAs 
(sgRNAs) can be readily designed and synthesized for targeting any genes, which simplify 
the target design compared to protein-based genome-editing tools. Therefore, this simple 
RNA-guided genome editing system makes gene editing in mammals and plants much easier. 
The development of artificial CRISPR/Cas9 system from Streptococcus pyogenes 
marked the beginning of a new era for targeted genome engineering. Successful RNA-
programmed genome editing was first reported in human cells (Cong et al., 2013; Jinek et al., 
2013; Mali et al., 2013). These studies have demonstrated that with only gRNAs and the 
Cas9 protein, InDels can be induced at targeted loci of human genome effectively through 
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the nonhomologous end joining (NHEJ) DNA repair mechanism. Additionally, with 
introduction of a repair donor, a new sequence can be integrated into target sites through 
homologous recombination (Cong et al., 2013).  
CRISPR/Cas9 systems have been applied to manipulate genes in mice, rats, rabbits, 
zebrafish and C. elegans (Friedland et al., 2013; Hwang et al., 2013; Shen et al., 2013; Wang 
et al., 2013; Xiao et al., 2013; Yang et al., 2014). In C. elegans, CRISPR/Cas9 induced unc-
119 and dpy-13 mutants that showed uncoordinated (Unc) or dumpy (Dpy) phenotype, which 
indicated that CRISPR/Cas9 system can disrupt gene functions in C. elegans through NHEJ 
DNA repair mechanism (Friedland et al., 2013). CRISPR/Cas9 system showed similar 
mutation efficiency to that caused by zinc finger nucleases and TALEN in zebrafish (Hwang 
et al., 2013). Genetic correction of Crygc gene had been achieved in mice through 
CRISPR/Cas9 system via homology-directed repair (Wu et al., 2013; Wu et al., 2015).  
At the same time, this powerful genome-editing tool attracted attention of plant 
researchers. After the demonstration of CRISPR/Cas9-mediated targeted gene editing in 
model plants Arabidopsis and tobacco, effective CRISPR/Cas9 systems have been 
established in rice, wheat, maize, tomato and others. (Brooks et al., 2014; Jiang et al., 2013; 
Li et al., 2013a; Liu et al., 2017; Shan et al., 2013; Svitashev et al., 2015; Wang et al., 
2014b). OsPDS gene knockout mutants induced by CRISPR/Cas9 in rice showed expected 
albino and dwarf phenotypes (Shan et al., 2013). By providing donor fragments with the 
desired mutation of the Acetolactate Synthase (ALS) gene, herbicide-resistant rice plants were 
obtained through CRISPR/Cas9-mediated homologous recombination (Sun et al., 2016). In 
hexaploid wheat, different copies of TaGW2 gene were effectively modified by 
CRISPR/Cas9 system and mutant plants showd different levels of grain size and thousand 
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grain weight increase (Liang et al., 2017; Wang et al., 2018). These results proved that 
CRISPR/Cas9 can not only edit diploid species genome, but also can modify genomes of 
polyploid species (Zhang et al., 2016). It is usually difficult to obtain homozygous mutants 
for polyploidy plants, especially for self-incompatible species with conventional methods. 
Because in theory CRISPR/Cas9 will continuously act on the targeted genome regions until 
targeted sequences in all alleles are mutated, homozygous knockout mutants can be obtained 
with CRISPR/Cas9 at the T0 generation. Therefore, CRISPR/Cas9 can be a very useful tool 
for characterization of genes in polyploidy species.   
Mutations induced by CRISPR/Cas9 are shown to be successfully transmitted to the 
progeny (Feng et al., 2014; Friedland et al., 2013; Zhang et al., 2014). With traditional 
breeding methods, the inserted ‘foreign DNA’ can be eliminated from the progeny once 
desired mutations are created  (Xu et al., 2015). Besides, with transient expression of 
CRISPR/Cas9 DNA or delivery of preassembled Cas9-sgRNA ribonucleoproteins, 
transgene-free mutant plants were easily obtained even at first generation in wheat (Liang et 
al., 2017; Zhang et al., 2016). Mutants containing no transgene vector can be regarded as 
‘transgene-free’ genome modified plants, which could be excluded from associated 
regulations (Waltz, 2018).  
Additionally, being able to modify several target regions simultaneously is a unique 
advantage of CRISPR/Cas9 system in relation to other gene editing tools. Multiple guide 
RNAs can be inserted into a single CRISPR/Cas9 expression vector to target different sites 
simultaneously (Cong et al., 2013). Multiplex gene editing has been achieved not only in 
human and rat cells, but also in plant genomes (Cong et al., 2013; Li et al., 2013a; Li et al., 
2013b; Xie et al., 2015). In wheat, three homeologues of TaGASR7 were mutated together 
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with a single CRISPR/Cas9 construct (Zhang et al., 2016). In maize and rice, a multiplex 
gene editing strategy based on the conserved tRNA-processing system has been established 
(Qi et al., 2016; Xie et al., 2015). The tRNA-processing system allows a single CRISPR 
transcript to produce several sgRNAs that can target multiple genome sites (Qi et al., 2016; 
Xie et al., 2015). Researchers have also deleted gene clusters or large chromosomal 
fragments from rice genome with CRISPR/Cas9 system (Xie et al., 2015; Zhou et al., 2014a). 
Because of the simplicity of CRISPR/Cas9 system, with a large gRNA library, CRISPR/Cas9 
system can be used for high throughput knockout of genes, which can be used for genome-
scale functional screens. Whole-genome screens have been done in human cells with a 
library containing thousands of sgRNAs (Shalem et al., 2014; Wang et al., 2014a).    
CRISPR/Cas9 system can also be used to regulate the expression level of a gene. 
Recently, a catalytically deactivated Cas9 protein has been engineered as a programmable 
transcription regulator (Bikard et al., 2013). This “dead” Cas9 (dCas9) mutant contains 
mutated nonfunctional RuvC-like and HNH nuclease domains, which do not impair DNA 
binding (Mohanraju et al., 2016). In bacteria, the dCas9 can be led to the promoter region to 
repress gene transcription through inhibition of RNA polymerase binding (Bikard et al., 
2013). It can also block running transcription by binding to the gene exon region (Bikard et 
al., 2013). It has been shown that a CRISPR interference (CRISPRi) system can effectively 
repress specific genes expression in mammalian cells (Qi et al., 2013). On the other hand, 
when dCas9 is fused with transcription activators, it can be used to target the promoter region 
of specific genes to upregulate these genes (Konermann et al., 2015). Several dCas9-based 
synthetic gene activators, such as dCas9-VP64, dCas9-TV and SunTag, have been developed 
for plant and mammalian cells (Konermann et al., 2015; Li et al., 2017b; Piatek et al., 2015; 
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Tanenbaum et al., 2014). In Arabidopsis, with dCas9-TV activator, the WRKY30 gene was 
up regulated by 48- and 139- fold in two independent T1 transgenic lines, respectively (Li et 
al., 2017b). 
As mentioned above, precise genome editing can be achieved by CRISPR/Cas9-
mediated homologous recombination when a donor template is provided (Chu et al., 2015; 
Sun et al., 2016; Wu et al., 2013). However, the mutation efficiency of homologous 
recombination remains low and a donor template with desired mutation is necessary (Sun et 
al., 2016) and double strand breaks (DSBs) induced by Cas9 are more likely to be repaired by 
NHEJ pathway, which may result in unexpected insertions or deletions (Cong et al., 2013). 
To overcome these obstacles, recently, a new dCas9-cytidine deaminase fusion was 
developed to induce single-nucleotide changes in the DNA without using homologous 
recombination (Kim et al., 2017; Komor et al., 2016; Shimatani et al., 2017; Zong et al., 
2017). A conversion from C to T with efficiencies of 50%-75% was achieved in human 
genome loci via this new dCas9 fusion (Kim et al., 2017). In rice, multiple herbicide-resistant 
point mutations were induced through multiple sgRNAs and a dCas9 cytidine deaminase 
fusion (Shimatani et al., 2017). The efficiency of  C to T substitution in OsCDC48 gene 
target region was up to 43.48% (Zong et al., 2017). This targeted base editing tool has also 
been applied in wheat, maize and tomato (Shimatani et al., 2017; Zong et al., 2017).  
 
Advances in Biotechnology and Genomics of Switchgrass 
Switchgrass is a warm season C4 perennial grass with two distinct ecotypes, lowland 
and upland (Hopkins et al., 1996). Most of the lowland ecotypes are predominantly tetraploid 
(2n=4x=36), while a limited number of such ecotypes are octoploids (2n=8x=72) (Zhang et 
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al., 2011). There are both tetraploids and octoploids in upland ecotypes (Zhang et al., 2011). 
Aneuploidy is also widespread in switchgrass (Costich et al., 2010). Because switchgrass is 
native to North America, it has been used as a forage grass, grass hedge and other 
environmental protectants in the United States (Albright et al., 2013; Dabney et al., 2012; 
Vogel, 2004). Foremost, because of its wide geographic distribution, low production costs 
and high lignocellulose-based biofuel potential, it was named a model bioenergy crop by the 
U.S. Department of Energy in 1991 (McLaughlin and Kszos, 2005; Wright and Turhollow, 
2010). Since then, extensive breeding program for optimizing switchgrass for energy 
production have been conducted (Casler, 2010; Perrin et al., 2008). Low-lignin genotypes 
with high conversion efficiency of biomass to ethanol have been evaluated in different bred 
populations (Sarath et al., 2008; Sarath et al., 2011). In addition, there are increased genetic 
and genomic resources available for switchgrass breeding (Casler et al., 2011). Various 
molecular markers have been developed and applied for genetic mapping of switchgrass 
(Chang et al., 2016; Dong et al., 2015; Liu et al., 2012; Lu et al., 2013; Okada et al., 2010). 
Many agronomic traits related QTLs (Quantitative Trait Loci) have been discovered for 
marker-assistant breeding of switchgrass (Chang et al., 2016; Dong et al., 2015). These 
studies will increase selection efficiency and rate of gain for switchgrass breeding.  
Other than traditional breeding programs, genetic improvement of switchgrass also 
gain attentions from researchers. With efficient genetic transformation systems, genetically 
modified switchgrass with desired traits for bioenergy production can be readily produced 
(Nageswara-Rao et al., 2013). Polyhydroxybutyrate (PHB) synthesis pathway has been 
introduced into switchgrass to produce more PHB for production of bio-based plastics 
(Somleva et al., 2008). To achieve effective sustainable energy production, it is necessary to 
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overcome ‘biomass recalcitrance’ that is the natural resistant of plant cell walls to microbial 
and enzymatic digestion. Down-regulation of the switchgrass caffeic acid O-
methyltransferase gene decreased lignin content of cell wall and increased the ethanol yield 
by up to 38% (Fu et al., 2011). Transgenic switchgrass with silenced 4-coumarate: coenzyme 
A ligase (4CL) gene contained decreased lignin content in biomass (Xu et al., 2011). These 
transgenic plants with apparent reduction in the recalcitrance can lower the cost for bio-fuel 
production. On the other hand, increasing vegetative growth of switchgrass can also enhance 
biomass yield. Overexpression of maize corngrass1 (Cg1) in switchgrass leads to delayed 
flowering and improved biomass yield (Chuck et al., 2011). Transgenic switchgrass with 
moderate expression level of rice miR156 precursor showed increased tiller number and 
biomass yield (Fu et al., 2012). All these studies have demonstrated that improvement of 
switchgrass through genetic engineering have been achieved.  
After the reference genome of switchgrass becomes available (Panicum virgatum 
v1.0, DOE-JGI, http://phytozome.jgi.doe.gov/), it is now relatively easy to isolate and clone 
genes from switchgrass for gene discovery and characterization. However, because 
switchgrass is a highly heterozygous, self-incompatible and polyploidy species, it is difficult 
to obtain homozygous mutants for switchgrass breeding and reverse genetics research by 
inbreeding. Additionally, to avoid regulation of genetically modified crops, it is important to 
start research on creating transgene-free switchgrass. Thus, based on abovementioned distinct 
advantages of CRISPR/Cas9, it is urgent to develop an efficient multiplex genome-editing 
tool CRISPR/Cas9 system for switchgrass.  
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Key Regulator of Branching/Tillering: Teosinte Branched 1 
Teosinte branched 1 (tb1) is a well-studied key regulator affecting branch architecture 
in maize (Zea mays) and its orthologs are shown to function similarly in other grasses 
(Whipple et al., 2011). It belongs to the TCP gene family in which all members have a 59-
amino acid basic helix-loop-helix (bHLH) motif that allows DNA binding and protein-
protein interactions (Martin-Trillo and Cubas, 2010). Genes repressing lateral buds 
development locally within the buds have been identified in monocots and dicots (Aguilar-
Martinez et al., 2007; Doebley et al., 1997; Kebrom et al., 2006; Takeda et al., 2003). In 
maize, tb1 is mainly expressed in axillary organs and represses the growth of axillary organs 
(Doebley et al., 1997). Because there is a transposable element inserted in the regulatory 
region of tb1 gene in domesticated maize, the expression level of maize tb1 is higher than in 
teosinte (Doebley et al., 1997; Studer et al., 2011), the maize progenitor which is highly 
branched. This is the major contributor to the increased apical dominance in maize that rarely 
develops tillers under normal growing conditions. The rice (Oryza sativa) fine culm 1 (fc1) 
mutant containing a loss-of-function mutation of OsTB1 exhibited increased tiller number 
(Takeda et al., 2003). Overexpression of OsTB1 gene significantly reduced lateral branching 
in rice (Takeda et al., 2003). These data showed that OsTB1 is a negative regulator for lateral 
branching in rice. In Arabidopsis, there are two genes, BRANCHED 1 (BRC1) and 
BRANCHED 2 (BRC2), that are closely related to the maize tb1 gene (Aguilar-Martinez et 
al., 2007). Both of these genes, but mainly BRC1, function as a local integrator of the genetic 
pathway regulating development of lateral buds (Aguilar-Martinez et al., 2007). Two BRC1-
like paralogues, SlBRC1a and SlBRC1b were identified in tomato (Solanum lycopersicum) 
(Martin-Trillo et al., 2011). SlBRC1b suppresses buds’ outgrowth at the lowest nodes of a 
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tomato plant, while SlBRC1a does not control shoot branching in tomato or function 
redundantly with SlBRC1b (Martin-Trillo et al., 2011). PsBRC1 is the pea (Pisum sativum) 
homolog of the maize tb1 gene (Braun et al., 2012). It is strongly expressed in the axillary 
buds (Braun et al., 2012). The pea Psbrc1 mutant showed an enhanced shoot-branching 
phenotype, which proved that PsBRC1 regulates branching through expression in axillary 
buds (Braun et al., 2012).  
Multiple downstream targets of BRC1/TB1 have been identified in monocots and 
dicots (Dong et al., 2017; Gonzalez-Grandio et al., 2013; Guo et al., 2013; Whipple et al., 
2011). The transcription of a Class I homeodomain leucine zipper (HD-Zip) transcription 
factor grassy tillers 1 (GT1) is regulated by tb1 in maize, but it is still unclear whether GT1 is 
a direct target of tb1 (Whipple et al., 2011). Another target of tb1, tassels replace upper 
ears1 (tru1) gene that encodes an ankyrin repeat domain, have been identified in maize 
(Dong et al., 2017). In rice, OsMADS57 is downregulated by interacting with OsTB1 (Guo et 
al., 2013). In Arabidopsis, three phylogenetically related genes, HOMEOBOX PROTEIN 
(HB) 21, HB40 and HB53, are direct targets of the BRC1 gene (Gonzalez-Grandio et al., 
2017). These transcription factors together with BRC1 upregulate 9-CIS-
EPOXICAROTENOID DIOXIGENASE 3 (NCED3), which leads to the abscisic acid 
accumulation that inhibits buds dormancy release (Gonzalez-Grandio et al., 2017). Hence, 
TB1 is an important transcription factor involved in a regulatory network that controls 
branching.  
Because tillering (branching) is controlled by complex mechanisms including 
hormonal, developmental and environmental factors, tb1 is likely involved in multiple 
signaling pathways. For example, in sorghum (Sorghum bicolor), the expression of SbTB1 is 
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regulated by phytochrome B (phyB) which senses the shade signal (Kebrom et al., 2006). 
Sorghum phyB-1 mutants displayed enhanced apical dominance with a higher expression 
level of sorghum SbTB1 gene in buds compared to the wild type (Kebrom et al., 2006). In 
addition, the R:FR ratio regulates the transcription of SbTB1 in wild type sorghum (Kebrom 
et al., 2006). The BRC1 in Arabidopsis suppressed lateral bud development in response to 
shade by regulating abscisic acid pathway (Gonzalez-Grandio et al., 2017; Gonzalez-Grandio 
et al., 2013). These studies demonstrated that BRC1/TB1 integrated light signals that regulate 
branching in plants.  
Furthermore, TB1 has been shown to serve as an integrator of the hormonal signals 
that regulate branching (Aguilar-Martinez et al., 2007; Minakuchi et al., 2010). In 
Arabidopsis, BRC1 was significantly downregulated in max mutants indicating that 
strigolactones (SLs) control BRC1 transcription (Aguilar-Martinez et al., 2007; Bennett et al., 
2006; Gomez-Roldan et al., 2008). Cytokinins can regulate the PsBRC1 in pea and OsTB1 in 
rice at the transcription level but not in Arabidopsis (Aguilar-Martinez et al., 2007; Braun et 
al., 2012; Minakuchi et al., 2010). In rice, Fine Culm 1 (FC1)/OsTB1 functions downstream 
of SLs, but the expression level of OsTB1 is not regulated by SLs (Minakuchi et al., 2010). 
These results indicated that the crosstalk between TB1 and hormonal signaling pathways are 
not conserved across species.  
Plant architecture is important to biomass yield and tillering is an important 
component traits for biomass yield in switchgrass. It is important to understand the molecular 
mechanism of tillering in switchgrass. Hence, the objectives of this study are to: (1) establish 
a CRISPR/Cas9-based genome-editing tool for switchgrass, (2) generate targeted mutants for 
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characterizing the function of Pvtb1 genes. This research will shed light on the tillering 
mechanism at the molecular level in switchgrass.  
 
Organization of Dissertation and Author Contribution 
 After the general introduction, Chapter2 describes the development of CRISPR/Cas9 
system in switchgrass for targeted mutagenesis. We successfully demonstrated that 
CRISPR/Cas9 system can generate targeted mutations in switchgrass. Multiplex genome 
editing can be achieved in switchgrass using a single construct with two gRNAs targeting 
conserved regions of two different genes. Mutant plants with various mutations were 
obtained at the T0 generation. The results of this project has been published in Plant 
Biotechnology Journal. I made major contributions including conceiving the original 
research plans, conducting most of the experiments, and writing the manuscript under the 
guidance of Dr. Shui-zhang Fei. Paul Merrick built the CRISPR/Cas9 construct for targeting 
the PGM gene and provided the supplemental figure S3 and S4. Dr. Zhengzhi Zhang and Dr. 
Chonghui Ji from Dr. Bing Yang’s lab provided the non-functional green fluorescent protein 
(GFP) vector and CRISPR/Cas9 vectors for targeting the mutated GFP. They also helped me 
with the transient assay experiment using switchgrass protoplast cells. Dr. Bing Yang 
provided the pUBi-Cas9 and entry vector (pgRNA4) for us to build the CRISPR/Cas9 
constructs.  
Chapter 3 continued the story of Chapter 2 and is mainly focused on the analysis of 
the biological function of Pvtb1 genes. In this chapter, solid mutants carrying mutations of 
Pvtb1 genes were isolated by micropropagation from chimeric T0 mutants that were 
generated using CRISPR/Cas9 system. T1 progeny containing mutations of Pvtb1 genes were 
14 
 
also obtained in this project. With these solid and progeny mutants, the function of Pvtb1a 
and Pvtb1b genes were characterized. Comparison of the transcriptomic profiling between 
wild type plant and a Pvtb1 gene knockdown mutant suggested that Pvtb1 genes are involved 
in different pathways to control tillering in switchgrass. Chapter 3 is formatted for the journal 
of Plant Physiology for possible publication. I designed and performed all the experiments 
and wrote the manuscript under the guidance of Dr. Shui-zhang Fei. The last Chapter 
discusses the conclusions and future directions for this dissertation.  
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Abstract 
The CRISPR/Cas9 system has become a powerful tool for targeted mutagenesis. 
Switchgrass (Panicum virgatum L.) is a high yielding perennial grass species that has been 
designated as a model biomass crop by the U.S. Department of Energy. The self infertility 
and high ploidy level make it difficult to study gene function or improve germplasm. To 
overcome these constraints, we explored the feasibility of using CRISPR/Cas9 for targeted 
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mutagenesis in a tetraploid cultivar ‘Alamo’ switchgrass. We first developed a transient 
assay by which a non-functional green fluorescent protein gene containing a 1 bp frameshift 
insertion in its 5’ coding region was successfully mutated by a Cas9/sgRNA complex 
resulting in its restored function. Agrobacterium-mediated stable transformation of 
embryogenic calli derived from mature caryopses averaged a 3.0% transformation efficiency 
targeting the genes of teosinte branched 1(tb1)a and b and Phosphoglycerate Mutase (PGM). 
With a single construct containing two sgRNAs targeting different regions of tb1a and tb1b 
genes, primary transformants (T0) containing CRISPR/Cas9 induced mutations were 
obtained at frequencies of 95.5% (tb1a) and 11% (tb1b), respectively, with T0 mutants 
exhibiting increased tiller production. Meanwhile, a mutation frequency of 13.7% was 
obtained for the PGM gene with a CRISPR/Cas9 construct containing a single sgRNA. 
Among the PGM T0 mutants, six are heterozygous and one is homozygous for a 1 bp 
deletion in the target region with no apparent phenotypical alterations. We show that 
CRISPR/Cas9 system can generate targeted mutagenesis effectively and obtain targeted 
homozygous mutants in T0 generation in switchgrass, circumventing the need of inbreeding.  
 
Introduction 
Mutants are critical for determining gene function and elucidating metabolic 
pathways and can be a valuable resource for crop improvement as well. Since 1980s, 
research on methods for generating gene knockout mutants had gained much attention (Jiang 
et al. 2013). In recent years, targeted gene editing technologies such as zinc finger nucleases 
(ZFNs) and TAL effector nucleases (TALENs) have been widely used in animal and plant 
systems (Beerli and Barbas 2002; Char et al. 2015; Li et al. 2012; Nicolia et al. 2015; 
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Townsend et al. 2009; Urnov et al. 2005; Urnov et al. 2010; Wang et al. 2014). Since 2013, 
the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR 
associated  protein (cas) system has become  a powerful tool for targeted genome editing, 
requiring only a single protein and a programmable guide RNA (Jinek et al. 2012). CRISPR 
are tandemly arranged prokaryotic direct repeat DNA sequences containing dyad symmetry, 
with interspersed non-repeating spacer sequences. Together with the cas genes, CRISPR/Cas 
functions in prokaryotic acquired immunity against foreign bacteriophage and plasmid DNA 
invasion through RNA guided endonuclease digestion (Jinek et al. 2012).  
In the most widely used type II CRISPR/Cas9 system derived from Streptococcus 
pyogenes, a trans-encoded crRNA (tracrRNA) was discovered which mediates pre-crRNA 
maturation (Deltcheva et al. 2011) and was found to be necessary for crRNA’s association 
with the Cas9 endonuclease, and therefore, foreign DNA interference (Jinek et al. 2012). 
Cas9 had also been shown to be the only Cas protein necessary for protospacer cleavage in 
the type II system (Barrangou et al. 2007; Garneau et al. 2010; Jinek et al. 2012; 
Sapranauskas et al. 2011). The type II CRISPR/Cas9 system makes a double strand breaks 
(DSBs) just upstream of a protospacer adjacent motif (PAM) of three nucleotides long 
(NGG). The DSBs can be repaired by either the error-prone non-homologous end joining 
(NHEJ) repair pathway which generates mutants, or homologous recombination (HR) repair 
pathway which, depending on the type of editing template provided may also generate 
mutants (Joung and Sander 2012; Svitashev et al. 2015). Because CRISPR/Cas9 works in 
trans, a mutation can be created at a locus distant from the CRISPR/Cas9 transgene insertion 
site. Through traditional breeding, the transgene can be eliminated without affecting the 
mutation (Xu et al. 2015). Such mutants are very different from traditional transgenic plants, 
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and may require less or no regulatory oversight. Recently, DNA- and selectable marker-free 
mutant plants have been created by delivery of preassembled Cas9-sgRNA 
ribonucleoproteins into maize (Svitashev et al. 2015) and wheat (Liang et al. 2017) using 
particle bombardment.  
CRISPR/Cas9-based genome editing technology is highly versatile. Because there are 
usually abundant PAM (NGG) sequences in most genes, numerous single guide RNAs 
(sgRNAs) can be readily designed and synthesized for targeting any genes. Since the creation 
of the first programmable CRISPR molecular tool (Jinek et al. 2012), various CRISPR/Cas9-
based tools have been developed for genome editing in mammals and plants (Hwang et al. 
2013; Jiang et al. 2013; Ma et al. 2015; Xie et al. 2015). With multiplexed Cas9-sgRNAs, 
each sgRNA targeting a different gene, multiple genes can be edited with a single facile 
CRISPR/Cas9 construct. It is also feasible to remove gene clusters with large chromosomal 
deletions induced by Cas9/sgRNAs (Zhou et al. 2014; Xie et al. 2015). Inheritance of 
mutations created by CRISPR/Cas9 has been demonstrated in Arabidopsis, rice and tomato 
(Feng et al. 2014; Ito et al. 2015; Ma et al. 2015). By providing a repair template, point 
mutations can be introduced into endogenous genes (Fauser et al. 2014; Li et al. 2015; Mao 
et al. 2013; Sun et al. 2016; Svitashev et al. 2015), and when a template DNA containing the 
desirable mutations is provided, such mutations can be introduced into a specific locus of the 
plant’s genome through homologous recombination, creating a genuine gene replacement 
mutant (Li et al. 2015; Schiml et al. 2014; Svitashev et al. 2015).  
Switchgrass is high yielding because of its highly efficient C4 photosynthesis system. 
It also grows well on marginal land which, along with its perenniality make it ideal for 
producing lignocellulose-based biofuel (Nageswara-Rao et al. 2013). It was named a model 
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bioenergy crop by the U.S. Department of Energy in 1991 (Wright and Turhollow 2010). 
Extensive research on genetic diversity, genome structure, genetic mapping and gene 
function on switchgrass have been conducted during the past decades (Lu et al. 2013; Okada 
et al. 2010; Rinerson et al. 2015; Xu et al. 2015). However, because switchgrass is highly 
self-incompatible (Martínez-Reyna and Vogel 2002) and is predominantly tetraploid or 
octoploid (Hopkins et al. 1996; Hultquist et al. 1996, 1997), it is difficult to conduct forward 
or reverse genetic analyses in switchgrass and inbred lines are difficult to develop. Therefore 
the development of an effective molecular tool to assist in the development of improved 
switchgrass cultivars is urgently needed. It has been shown that CRISPR/Cas9 can generate 
targeted mutation in polyploid plants such as wheat and potato (Shan et al. 2013; Wang et al. 
2014; Wang et al. 2015). Yet, no report on the use of CRISPR/Cas9 in switchgrass has been 
published. In the present study, we established a transient assay protocol in switchgrass by 
using mesophyll protoplasts and a non-functional GFP to validate CRISPR/Cas9 activity. 
Furthermore, we showed that CRISPR/Cas9 is effective to simultaneously create targeted 
mutations in both teosinte branched 1(tb1) a (Pavir.Ia00838/Pavir.9NG142700) and b 
(Pavir.Ib04362/Pavir.9KG031700), and in the Phosphoglycerate mutase (PGM, 
Pavir.Da00700/ Pavir.4KG256600) gene for which a homozygous mutant was obtained in the 
primary transformant (T0), bypassing the need of further crossing or inbreeding.  
 
Results 
CRISPR/Cas9 is capable of producing precise mutations in switchgrass protoplasts 
To investigate whether the highly efficient CRISPR/Cas9 established in rice (Zhou et 
al. 2014) is also capable of inducing site-specific mutations in switchgrass, we first 
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established an efficient protocol for protoplast isolation and transfection using switchgrass 
mesophyll cells; using the protoplast system, we tested the activity of the Cas9 and sgRNA 
on the GFP reporter gene when co-expressed in the same protoplasts. The CRISPR/Cas9 
system consisting of the rice codon optimized Cas9 gene under the maize ubiquitin gene 
promoter and a rice U6 promoter to express the sgRNAs was previously described (Figure 
1a, (Zhou et al., 2014b). The GFP reporter construct was made with a non-functional GFP 
gene (GFPm) that contains a 1 nucleotide (G) insertion downstream of translation start site 
under the CaMV 35S promoter (Figure 1b). The frameshift mutation abolishes the ability of 
the gene to produce a fluorescent signal. When a sgRNA targeting the GFP mutation site, 
Cas9 and GFPm are in a single switchgrass protoplast, DSB at the mutation site in GFPm 
occurs and DNA repair through NHEJ leads to new mutations (insertions/deletions), some of 
which correct the reading frame of the gene, restoring the GFP gene function and emitting 
green fluorescence (Figure 1c). 
The plasmid DNA of p35S:GFPm, pU6:gRNA_GFP  and pZmUbi:Cas9 were co-
transferred into switchgrass protoplasts. Fluorescence signal was detected about 60 h after 
the co-transformation and about 3.3% of the protoplasts displayed strong green fluorescence 
signals, similar to the level observed in protoplasts that were transformed with the functional 
GFP gene under a rice ubiquitin gene promoter as a control (Figure 1d, e). In the control, 
about 25% of the viable protoplasts showed strong green fluorescence signals 24 h after 
transformation (data not shown). The time lag in detecting the green fluorescence may reflect 
the time required for the CRISPR/Cas9 to induce mutations and produce GFP. As another 
control, protoplasts transformed only with the non-functional GFP gene all failed to produce 
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fluorescent signals (data not shown). Together, these experiments demonstrated that 
CRISPR/Cas9 system is able to induce targeted mutations in switchgrass protoplasts. 
 
CRISPR/Cas9 is capable of inducing mutations in endogenous genes in switchgrass  
To test whether the CRISPR/Cas9 system is capable of introducing mutations at 
target genomic loci, three genes, teosinte branched 1(tb1) a, b and phosphoglycerate mutase 
(PGM) were chosen for targeted mutagenesis. tb1 is a well-studied key regulator of branch 
architecture in maize and its homologs are shown to function similarly in other grasses 
(Whipple et al. 2011). With disruption of tb1 function, plants typically show an easily 
observable bushy phenotype. There are two tb1 genes, tb1a and tb1b in switchgrass with 
90% amino acid identities between them. Our CRISPR/Cas9 constructs are capable of 
generating either single or double mutants for the tb1a and b genes so that we can 
characterize the function for each gene in case there is functional redundancy between them. 
The PGM gene encodes the enzyme of phosphoglycerate mutase (PGM), which catalyzes the 
reversible step of converting 3-phosphoglycerate to 2-phosphoglycerate in the glycolysis 
pathway (Jedrzejas et al. 2000). There are two PGM genes in Arabidopsis and double 
mutants for the PGM genes showed severely impaired growth, failure to produce pollen, and 
defects in the energy-requiring processes of stomatal movements (Zhao et al. 2011).  
These three genes were isolated and confirmed for sequence identities from the 
switchgrass cultivar ‘Alamo’, a lowland tetraploid based on sequence information available 
at Phytozome (Panicum virgatum v1.0, DOE-JGI, http://phytozome.jgi.doe.gov/). To observe the 
phenotype of mutants, it is often necessary to create mutants homozygous for the mutated 
gene. Switchgrass is a polyploid and is naturally cross pollinated, therefore individuals may 
32 
 
be highly heterozygous with possible multiple alleles for each gene which could present a 
problem for CRISPR/Cas9 to create mutants with all alleles knocked out. This is because a 
single sgRNA may not be able to recognize the different alleles of a gene due to sequence 
mismatch. To address this issue, we chose target sequences from regions of a gene that do 
not vary, i.e. without single nucleotide polymorphism (SNP) among alleles based on existing 
sequence database and confirmed sequences.  
A target site in the first exon, 41 bp downstream of the translation start site was 
chosen in the PGM gene for design of the guide RNA gene (Figure 2a). Meanwhile, two 
target sites from two exon regions conserved between tb1a and tb1b were selected for design 
of two guide RNA genes for targeted mutagenesis. One target site is located at 26 bp 
downstream of the translation start sites in both genes, the other target site is located 150 bp 
downstream of their translation start sites (Figure 2b, c). Frame-shift mutations downstream 
the translation start site will lead to the large truncations of predicted peptides for the genes 
(e.g., PGM, tb1a and tb1b) and consequently the gene knockouts. To test the efficiency and 
specificity of the CRISPR/Cas9 system, one sgRNA has a perfect match in tb1a and tb1b, 
while another sgRNA has sequence perfectly matching the tb1a target region but has a 1-bp 
mismatch with the tb1b target region. Because the G nucleotide is the preferred transcription 
initiation site for U6 promoter (Shan et al. 2013), the original first nucleotide T of first target 
sequence for tb1a and b and PGM genes was replaced by G (Figure 2a, b and c).  
pENTR4:gRNA4 derived from pENTRTM was used as the entry vector which can 
accommodate two chimeric sgRNAs, each under the control of a different rice U6 promoter 
(Figure 1a; Figure S1). The destination vector pUbi-Cas9 derived from a Gateway® cloning 
system contains a rice codon optimized Cas9 which is driven by the maize ubiquitin gene 
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promoter and terminated by the nopaline synthase (NOS) gene terminator region (Figure 1a; 
Figure S2, Zhou et al. 2014). This vector contains the hygromycin phosphotransferase (hpt) 
gene which confers resistance to hygromycin and can therefore be used for selecting 
transgenic plants. Through LR reaction, sgRNA, either single in the case of the PGM gene, 
or two sgRNAs that target the tb1a and tb1b genes were mobilized into the Cas9 and hpt 
gene containing binary vector for genetic transformation and targeted mutagenesis.  
 
Sequence characterization of putative CRISPR/Cas9-induced mutants 
A total of 2,428 pieces of calli infected with Agrobacterium were subjected to 
selection with hygromycin and 73 independently transformed calli successfully regenerated 
functional plants, resulting in an average of 3.0% transformation efficiency (number of 
independent events / number of starting calli on selection medium).  
For the PGM gene, the sgRNA-PGM/Cas9 construct with one sgRNA induced 
mutation at a frequency of 13.7% (Table 1). Among the seven PGM mutant plants, six are 
heterozygous mutants with at least one mutant allele and a wild type allele, one plant is a 
homozygous mutant with only the mutant allele. Mutants containing heterozygous mutations 
in the target regions were discovered by the presence of small double peaks in the 
chromatogram that is absent from the wild type (Figure 3a). Because the double peaks 
observed in the heterozygous mutant plants were small, yet not seen in sequences of the wild 
type plants, the PCR amplicons used for sequencing were cloned and multiple clones were 
subjected to sequencing again to confirm the nature of the heterozygous mutations. 
Sequencing of individual clones revealed that a single base pair deletion is present in 1 out of 
8 randomly selected colonies derived from the heterozygous mutant plant 5-4-2; other 
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heterozygous mutant plants were shown to have the same type of mutation (Figure 3b). 
Given the small size of the double peaks and the results from the cloning and sequencing 
experiments, it is likely that only a single allele has been mutated in the heterozygous 
mutants. Similarly, the PCR amplicons used for sequencing from the homozygous mutant 
plant containing a 1 bp deletion were also cloned and resequenced. Sequencing of nine 
individual clones confirmed the presence of the same single base pair deletion, indicating all 
alleles were mutated at the target site (Figure 3b).  
Because the cultivar Alamo is a tetraploid, mutants may escape detection by PCR if 
the mutation occurs only in one or two alleles. To increase the power of detecting mutant 
alleles, genomic DNA samples from putative mutants were digested with a restriction 
enzyme (a recognition site for the restriction enzyme spans the target sites of tb1 genes, 
Figure 2b, c) to enrich mutated alleles followed by PCR amplification with primers flanking 
the target sites. PCR amplicons from such enriched DNA from a total of 46 plants were 
sequenced and a mutation rate for tb1a target site was 95.6% (44 out of 46 plants), whereas a 
mutation rate of 11% (5 out of 46 plants) was obtained for the tb1b gene (Table 1). These 
five plants contain mutations for both the tb1a and tb1b genes, indicating that a single 
CRISPR/Cas9 with two sgRNAs can simultaneously mutate two different genes with high 
homology in switchgrass.  
Each of the tb1 mutants contained at least two types of alleles (Table 2; Figure 5). For 
the tb1a gene, 13 randomly selected mutants from independent transformed events #19 (1 
plant), #24 (1 plant), #26 (1 plant), #30 (2 plants), #35 (2 plants), #52 (1 plant), #65 (1 plant), 
#75 (1 plant), #90 (1 plant), #95 (1 plant) and #97 (1 plant) were genotyped at the two target 
regions. Of the forty six mutated alleles, thirteen types of mutations were found, most of 
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which were deletions ranging from 1 bp to 128 bp (Figure 4a, Table 2). There were eight 
types of mutated alleles with a mutation at one target site only (A, B, C, D, E, F, G and H, 
Table 2), while the remaining five types contained mutations at both target sites within the 
tb1a gene (I, J, K, L and M, Table 2). There were four mutant plants containing a large 128 
bp deletion between the two target sites (Table 2).  
For the tb1b gene, sequencing results from the five mutated plants revealed nine types 
of mutations (Table 2; Figure 4b). There were five types of mutations with deletions ranging 
from 1 bp to 6 bp at the first target site only (N, O, P and R) with the remaining mutants 
carrying deletions/insertions at both target sites (S, T and U) (Table 2). Similar to tb1a, the 
same large 128 bp deletion between the two target sites for tb1b was observed in the mutant 
plant 35-2.  Interestingly, individual plants derived from the same transgenic event carried 
different mutations. For example, the large 128 bp deletion was only found in the mutant 
plant 35-2, but not in 35-3 which was also derived from the transgenic event 35 (Figure 5 and 
table 2).  
 
Morphological characterization of mutant plants  
Four plants (35-2, 35-3, 52-1 and 95-2) containing mutations in both tb1a and tb1b 
and one plant (97-2) carrying a mutation only in tb1a were phenotypically characterized. All 
of the mutated plants contained mutated alleles with frameshift mutations for the tb1a and 
tb1b genes with the only exception of the mutant 97-2 (Figure 5). Plant 95-2 also contains the 
in-frame 3 bp and 6 bp deletions, in addition to the frameshift mutation. Mutants 95-2 and 
52-1 contained more than four distinct mutant alleles of tb1a (Figure 5), suggesting they are 
likely chimeric plants. 
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The three mutated plants (52-1, 35-3 and 35-2) possessing mutated tb1a and tb1b 
alleles all showed a large increase in tiller production compared to the wild type plants and a 
transgenic, non-mutant plant (Figure 6) at the beginning of the reproductive stage. The 
mutant 52-1 produced 39 tillers while mutant plants 35-2 and 35-3 produced 26 and 28 
tillers, respectively more than twice of that observed for the wild type plants. Mutant 97-2 
with a frameshift mutant allele (1 bp insertion) in tb1a only also showed an increase in tiller 
numbers compared to the wild type plants, but the increase is less than that observed in plants 
containing both tb1a and tb1b mutated alleles (Figure 6) with the exception of mutant 95-2, 
which, despite having mutations at both tb1a and tb1b target regions, produced the same 
tiller number as the mutant 97-2. It’s worth noting that mutant 95-2 contained in-frame 
mutations in addition to frameshift mutation. Based on these results, switchgrass tb1a and 
tb1b genes may negatively regulate branching redundantly in a dosage-dependent manner. 
These mutant plants have similar height and tiller diameters, suggesting that knockout of tb1 
genes does not impact tiller growth except till number (Figure 6). 
 
Discussion 
Protoplast-based transient gene expression assay is a valuable approach to assessing 
the activity of CRISPR/Cas9 constructs in site-directed mutagenesis in vitro before 
embarking on conducting the more time-consuming, expensive stable transformation. Similar 
approach has been successfully used in wheat, rice and potato protoplasts to determine the 
effectiveness of CRISPR/Cas9 or TALEN constructs (Nicolia et al. 2015; Shan et al. 2013). 
In the present study, for the first time we developed a protoplast isolation and transient assay 
protocol to measure the effectiveness of CRISPR/Cas9 constructs with a reporter system in 
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switchgrass. The readout of the GFP reporter system reflects the ability of CRISPR/Cas9 to 
cause DSBs at the target site and the efficiency of cellular DNA repair through NHEJ to 
correct the frameshift mutation in the nonfunctional GFP gene and emit fluorescence signal 
in single switchgrass protoplasts.  
Despite of the presence of an apparent mutation, sequencing PCR amplicons from 
DNA extracted from the pooled protoplasts including those emitting fluorescence signals 
failed to reveal any CRISPR/Cas9-induced mutations in the target sites. This is most likely 
due to the low percentage of protoplasts carrying the anticipated mutated nonfunctional GFP 
gene, i.e. only 3.3% of protoplasts carries the functionally restored GFP gene. To detect low 
frequency mutations in a protoplast population, digestion of the pooled DNA with a 
restriction enzyme that recognizes a cutting site spanning the Cas9 cleavage site in wild type 
sequences is usually required to enrich the mutated DNA molecules before PCR-
amplification (Wang et al. 2014). Unfortunately, because our expected Cas9 cleavage sites 
do not contain a restriction enzyme recognition sequence, we were unable to use restriction 
enzyme to enrich the mutated transferred DNA, which might explain why we failed to detect 
the expected mutations.  
In stably transformed switchgrass, of the three genes (tb1a, tb1b and PGM) tested, 
mutation efficiencies were 95.6%, 11% and 13.7%, respectively. Because mutation 
frequency of tb1b is much lower than tb1a, it is likely that CRISPR/Cas9 system may have 
sequence preference for targeted mutagenesis. At the PGM target site only one base pair 
deletion was found in all mutants, while at the tb1a and tb1b target sites, thirteen and nine 
types of mutations were detected, respectively. Insertion mutations were only found at the 
second target site in tb1 genes. These results suggest that the type of target gene may affect 
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the type of mutations and their frequencies. However, because the number of mutated PGM 
plants was small, the correlation between the sequence of the target genes and mutation types 
needs further investigation.  
Despite their very different chromosomal locations, tb1a and tb1b can probably be 
viewed as non-positional homoeologs, resulting from the same ancestral gene following 
chromosome rearrangements during speciation or polyploidization (Glover et al., 2016). 
However, both tb1a and tb1b in switchgrass appear to have generated their own positional 
homoeologs during polyploidization. Sequencing of these homoeoalleles, however, revealed 
near identical sequences. For example, for tb1a, double peaks are present in the relevant PCR 
amplicons only at 600 bp downstream of transcription starting site which is known to harbor 
a SNP (G/C, http://www.phytozome.net), and no sequence variation was detected for tb1b 
despite a G/A SNP that is known to exist at 634 bp downstream of transcription starting site 
(http://www.phytozome.net).  This high sequence identity between homoeoalleles is unusual 
given that switchgrass is an obligate open-pollinated species and the lowland switchgrass 
ecotypes including Alamo are suggested to be an allotetraploid (Serba et al., 2013). However, 
this high level of sequence conservation may highlight the important roles that tb1a and tb1b 
play in switchgrass growth and development.  
In the current study, among the 23 types of mutated alleles induced by CRISPR/Cas9 
from three genes, there were only four insertion mutations and two substitution mutations. 
This is different from other species such as rice, Arabidopsis and wheat where many 
insertions were reported (Ma et al. 2015; Wang et al. 2014). This is likely caused by the 
unique intrinsic DNA repair mechanisms present in switchgrass. In detailed studies from rice 
and Arabidopsis, the majority of deletions resulting from CRISPR/Cas9 were less than 10 bp 
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(Zhang et al. 2014). In the present research, only three deletions were larger than 10 bp, 
similar to the previous studies (Char et al. 2017; Ma et al. 2015; Zhang et al. 2014). The 
deletion of large chromosomal segments with CRISPR/Cas9 have been reported in rice and 
non-plant species (Xiao et al. 2013; Zhou et al. 2014). In our study, deletion between two 
target sites were also detected, which proved that CRISPR/Cas9 with two sgRNAs targeting 
two distantly spaced target sites can be used to remove gene clusters or induce large genome 
deletions in switchgrass. More interestingly, this large deletion is observed in plants derived 
from independent transgenic events (plants 30-1, 30-3, 35-2 and 90-3 for the tb1a gene) and 
for different genes (35-2 for both tb1a and tb1b). 
Effective creation and detection of mutant allele in a polyploid switchgrass is 
critically important. The switchgrass cultivar used in the present study, Alamo, is a tetraploid 
and is highly heterozygous due to cross pollination in nature, therefore each seed may 
represent a different genotype. To ensure observed sequence variation are indeed mutations 
induced by CRISPR/Cas9, rather than natural allelic variation, each callus line derived from 
a single caryopsis were strictly kept separate. Thus, each callus line represents a distinct 
genotype and sequences from mutants derived from one callus line is compared only with the 
wild type derived from the same callus line. Surprisingly, individual plants regenerated from 
the same callus line may carry different mutations as is shown in plants 35-2 and 35-3. This 
suggests that CRISPR/Cas9 acts continuously and independently on different alleles. 
Enrichment of mutant alleles with restriction enzyme digestion that removes non-mutant 
alleles before PCR amplification is critically important to detect mutant alleles when they are 
present in low copies. For tb1 genes, for example, without allele enrichment, among 40 
transgenic plants, only twelve plants with mutations in tb1a and two plants with mutations in 
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tb1b were identified, whereas with allele enrichment approach, all of the 40 transgenic plants 
were shown to contain tb1a mutant alleles and 5 transgenic plants contained tb1b mutant 
alleles. Thus, for polyploid plants, allele enrichment with restriction enzyme is a highly 
effective method of detecting mutants induced by CRISPR/Cas9. 
The generation of a homozygous mutant for the PGM gene suggests that 
CRISPR/Cas9 can act continuously until all four alleles are mutated at the target site. It also 
suggests that CRISPR/Cas9 acted early on in the transformation process so all cells of the 
transgenic embryogenic calli are homogenous, carrying the same mutation. The ability to 
produce homozygous mutant plants in T0 generation is of great importance, particularly for 
self-incompatible perennial grasses, as this will sidestep the need of crossing genetically 
unrelated heterozygous mutants to generate mutants homozygous for the gene of interest. 
Furthermore, such homozygous mutants will unlikely exhibit inbreeding depression that is 
typical of inbred lines of outcrossing species because they are homozygous at the targeted 
sites only. Generation of such homozygous mutants in switchgrass or other perennial grasses 
with self-incompatibility and high ploidy levels will greatly facilitate characterization of gene 
function in such species. The mechanism of producing same allelic mutation is still not clear. 
Based on the types of mutation observed for the tb1 genes, independent, identical allelic 
mutations are not common in switchgrass, which is similar to the previous research in rice 
(Ma et al. 2015). We did not observe any discernable phenotypic changes in the PGM 
homozygous mutants. Because there are two PGM genes with 90% similarity in switchgrass, 
it is likely that these two genes are functionally redundant, making it impossible to observe 
the phenotypic changes if only one gene is mutated. In that case, double mutants would need 
to be made. 
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There is a mismatch between the sgRNA sequence used for mutagenesis and the 
target sequence in PGM (A/G, 18 bp from the PAM sequence, Figure 2a), but mutations were 
still successfully recovered from the callus lines. The sgRNA for the second target site in the 
tb1 genes also has one nucleotide mismatch with the tb1b target region that is at the 12th 
position distal to PAM sequence, however, mutations were still induced by CRISPR/Cas9. 
Taken together, apparently in switchgrass, CRISPR/Cas9 is able to recognize alleles with one 
nucleotide mismatch and still produce mutations. This result is similar to the previous studies 
in which single or multiple mismatches within the target region do not completely prevent 
CRISPR/Cas9 targeting as long as the mismatches are present outside the seed sequence 
(Semenova et al. 2011; Hsu et al. 2013).  
sgRNA feature plays important roles for CRISPR/Cas9 targeting efficiency. In 
Arabidopsis, it has been suggested that the expression level of sgRNA might be the limiting 
factor for CRISPR/Cas9 function (Ma et al. 2015). The secondary structure of the sgRNA 
which is dependent on the GC content within the sequence also plays an important role in 
CRISPR/Cas9 targeting (Ma et al. 2015). In our study, these sgRNAs that generated 
mutations have a GC content ranging from 60% to 70%. It has been reported that targets with 
higher GC contents have relatively higher editing efficiencies (Ma et al. 2015). However, 
recently it has been reported that sgRNAs activity assessed in transient assay has a low 
correlation with bioinformatics prediction in wheat (Wang et al. 2016). More research is 
needed to determine whether there is any correlation between the sgRNA features and 
targeted mutagenesis efficiency by CRISPR/Cas9 in switchgrass.  
Tiller density has been shown to have a consistently large effect on biomass yield in 
upland switchgrass (Boe and Beck 2008). Tillers result from the outgrowth of axillary buds, 
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which are normally in dormancy in species with a strong apical dominance. The outgrowth of 
axillary buds is determined by both intrinsic genetic factors as well as external environmental 
cues such as shade (Sarath et al. 2014). tb1 is one of the best studied regulator of shoot 
branching and homologs of tb1 have similar functions in other grasses (Doebley et al. 1997). 
Earlier studies in maize have shown that tb1 gene functions in a dosage-dependent manner, 
therefore phenotypic changes can even be observed in non-homozygous mutants. With 
CRISPR/Cas9 system, we successfully mutated the two tb1 genes simultaneously in 
switchgrass. Individuals with tb1 gene mutations increased tiller numbers with varying 
degrees. These mutants are valuable material for developing switchgrass cultivars with high 
biomass yield because other agronomic traits do not appear to be compromised.  
 
Materials and Methods 
Protoplast isolation and transient gene expression   
Leaves of 9-14 days old plants of switchgrass cultivar ‘Alamo’ grown in potting soil 
were used for protoplast isolation following the protocol by Mazarei et al. (2008) with 
modifications. Briefly, leaves were cut into 0.5-1mm long segments on filter papers followed 
by enzyme digestion with a 10 ml enzyme solution [0.6 M mannitol, 10 mM MES (pH 5.7), 
1.5% cellulose (Onozuka R-10), 0.75% macerozyme R-10, 0.1% BSA, 1 mM CaCl2, 5 mM 
β–mercaptoethanol]  for 6-8 h with gentle shaking at 40-50 rpm under dark. The solution was 
filtered through a 40μm nylon mesh filter. Protoplasts were washed two times with one 
volume of W5 washing buffer [154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES 
(pH5.7)] and were collected by centrifugation at 250 g for 3 min and resuspended in 200 μL 
of MMG solution [0.6 M mannitol, 15mM MgCl2, 4mM MES (pH 5.7)].  To examine if the 
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protoplasts can be successfully used for transgene expression, we transfected ~ 3 ×
104 protoplasts with 20 𝜇𝑔 plasmid DNA carrying the GFP gene driven by the rice ubiquitin 
gene promoter using the PEG-mediated DNA uptake method. GFP signals are observed with 
a NIKON ECLIPSE E200 microscope. 
 
Gene isolation   
The genes tb1a, tb1b and PGM were isolated and sequenced using gene-specific 
primers (Table S2)  based on the corresponding annotated genes in Phytozome 
(www.phytozome.net) with the following thermocycler settings: initial denature at 98 °C for 
5 minutes, 30 cycles of denaturing at 98 °C for 30 seconds, annealing at 55°C (tb1a, and 
tb1b) or 60 °C (PGM) for 30 seconds, extension at 72 °C for 1 minute, then a final extension 
at 72 °C for 5 minutes. Sanger sequencing was performed at the Iowa State University DNA 
facility (http://www.dna.iastate.edu/) using the Applied Biosystems 3730xl DNA Analyzer. 
The Sanger sequencing results were aligned with the candidate gene sequences using the 
Basic Local Alignment Search Tool (BLAST) from the NCBI webpage 
(http://www.ncbi.nlm.nih.gov/) (Sayers et al. 2011).  
 
Selection of target sequences and construction of CRISPR/Cas9 binary vector  
Oligos of 19-21 nucleotides were chosen manually from within exon regions of the 
isolated genes and were synthesized by Integrated DNA Technology (Coralville, IA, USA) 
(Table S1). The CRISPR/Cas9 constructs were assembled using Gateway® cloning 
technology (Hartley et al. 2000)(Hartley et al., 2000)(Hartley et al., 2000)(Hartley et al., 
2000)(Hartley et al., 2000) using the destination vector pUbi-Cas9 and entry vector 
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(pgRNA4) (Figure S1 and S2). The entry vector was first linearized by either the restriction 
enzyme BsaI or BtgZI, then the dsDNA oligos were ligated into the linearized entry vector. 
The entry vector plasmid DNA containing the guide strand(s) (entry:guide) was transformed 
into competent E. coli DH5α cells. Colony PCR was used to confirm the correct insertion 
(Table S2). Thermocycler settings were initial denaturing temperature at 98 °C for 5 minutes, 
30 cycles of denaturing at 98 °C for 30 seconds, annealing at 55 °C for 30 seconds, extension 
at 72 °C for 1 minute, then a final extension at 72 °C for 5 minutes. A single colony was then 
propagated by culturing in liquid LB medium and the plasmid DNA was extracted using 
Mini Plasmid Kit from IBI Scientific (Dubuque, IA, USA).  
Through Gateway LR recombination reaction with LR Clonase II (Invitrogen), the 
sgRNA expression cassettes were placed into the destination vector with the rice codon-
optimized Cas9 gene driven by maize ubiquitin promoter. The LR reaction products were 
again transferred, selected, and propagated in E. coli DH5α in the same manner as the entry 
vector plasmid. After that, plasmid DNAs of various CRISPR/Cas9 constructs were 
transferred into Agrobacterium strain C58C1 for plant transformation experiments.  
 
Plant materials and generation of transgenic plants 
Mature caryopses of the lowland switchgrass cultivar ‘Alamo’ (2n = 4x = 36) were 
surface-sterilized in 100% chloride for 2 h and rinsed three times with sterilized water, and 
then placed in callus-induction medium containing MS basal salts and B5 vitamins, 30 g L-1 
maltose, 4 mg L-1 2,4-D, 0.8 mg L-1 6-benzylaminopurine (BAP) and 2 g L-1 Phytagel. 
Embryogenic calli were produced from caryopses 6-12 weeks after culture under dark at 
25 ℃. Type II embryogenic callus (Figure S3) was used for all plant transformation 
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experiments (Burris et al. 2009). As embryogenic callus were formed they were kept together 
and propagated with callus pieces produced from the same caryopsis forming callus lines of 
identical genetic backgrounds. Callus were subcultured every 3-4 weeks on maintenance 
medium (callus induction medium supplemented with 1.6 mg L-1 L-proline).  
Prior to genetic transformation via Agrobacterium, embryogenic callus were 
subcultured onto fresh maintenance medium 10 days beforehand to ensure callus were 
actively growing. Agrobacterium tumefaciens strain C58C1 carrying different binary vectors 
were used to transform different callus lines. Agrobacterium C58C1 were prepared in liquid 
medium solution containing 200 µM Acetosyringone which increases the effectiveness of 
Agrobacterium infection (Sheikholeslam and Weeks 1987). The calli were then submerged in 
this solution in a covered petri plate and placed on a shaker at 75 rpm at room temperature 
for 10 minutes. The callus were removed and placed on top of 5 stacked sterilized filter 
papers within a petri dish. It was sealed, and placed in the dark for 3 days at 24 °C for 
desiccation treatment. Callus were then moved to resting medium for 3-7 days.  
Callus from the resting medium were transferred to the selection medium containing 
100 mg L-1 hygromycin for 4-6 weeks. Actively growing callus (Figure S4) were moved onto 
regeneration medium and placed in a growth chamber with a light intensity of 140 µmol m-2 
s-1 at a photoperiod of 16/8 hours light/dark and a temperature of 25 °C (Figure S5) (Li and 
Qu 2011). After shoots produced roots, plantlets were moved to a mist room for acclimation 
for 7-10 days. Plants were grown in a commercial soil mix (Sunshine soil mix #1, Sun Gro) 
of peat moss and perlite and maintained at 23 °C in the greenhouse with a 16/8h (day/night) 
photoperiod with a light intensity of approximately 400 µmol m-2 s-1. From each putative 
transgenic event, at least two plants were further confirmed by PCR amplification with 
46 
 
primers designed based either on the sgRNA sequence in combination with a primer based on 
the Cas9 promoter, or on the hygromycin resistance hpt gene (Table S2). 
 
Characterization mutation nature of transgenic plants  
All transgenic events were characterized by Sanger sequencing. DNA was extracted 
from leaf tissue with the CTAB method (Murray and Thompson 1980). Transgenic plants 
were confirmed using PCR before further characterization with primers specific to the 
sequence of Cas9/sgRNA vector (Table S1).  
The relevant regions of target genes were PCR-amplified using site-specific primers 
(Table S2). The thermocycler settings were: initial denaturing temperature at 98 °C for 5 
minutes, then 30 cycles with 98 °C for 30 seconds, 55 °C (for tb1a and tb1b) or 60°C (for 
PGM) for 30 seconds, 72 °C for 1 minute, then a final extension of 5 minutes. The PCR 
products used for sequencing were treated with ExoSAP-IT (Applied Biosystems, Foster 
City, CA) before sequencing. Sequence results of transgenic plants were compared with the 
sequence of the untransformed control to identify InDels and chromatograms were examined 
for double peaks that could indicate a heterozygous InDel. 
If sequencing of PCR products showed double or multiple peaks in the 
chromatogram, the amplicons were subjected to cloning and a number of clones were 
subjected to sequencing to verify putative mutations and to determine the exact nature of 
InDels. The PCR product was ligated into pGEM®-T Easy vector from Promega (Madison, 
WI, USA) for 16 hat 4 °C. The E. coli strain DH5α was transformed with the pGEM®-T 
Easy vector by heat shock, and incubated with LB medium. LB medium containing 100 mg 
L-1 ampicillin, 1 mM IPTG, and 200 mg L-1 X-Gal were used for colony propagation and 
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blue/white screening. White colonies were selected and cultured in 5 mL liquid LB medium 
containing 100 mg L-1 ampicillin overnight at 37 °C in a shaker at 200 rpm. Plasmids 
extraction was conducted with the same method described above. M13 primers (Table S2) 
were used for sequencing the plasmid to confirm the mutation in the allele. 
 
Phenotype analysis 
Five transgenic plants with CRISPR/Cas9 induced mutations, one transgenic plant 
without mutation and three wild type plants were examined for morphological alteration. 
Tiller number, stem diameter and plant height were measured at the reproductive stage 
(Moore et al. 1991). Plant height was determined by measuring the length of the tallest tiller 
for each plant. Average tiller diameter was determined by measuring the diameter of the 
middle internode) for each tiller and three largest tillers were chosen for measurement. SAS 
(SAS Institute Inc., Cary, NC, USA) was used to conduct ANOVA analysis and Tukey’s 
range test (Tukey 1949) was used to  determine if there are statistical differences for 
measured traits between mutant plants and the wild type plants.  
 
Conclusions 
In summary, we first demonstrated that CRISPR/Cas9 is able to mediate targeted 
mutagenesis in the tetraploid switchgrass cultivar ‘Alamo’. The mutation efficiency varies 
from 11% for tb1b to 95.6% for tb1a. Enrichment of mutant alleles by restriction enzyme 
digestion is important for detecting CRISPR/Cas9 induced mutation in switchgrass. In 
addition, CRISPR/Cas9 can be used for multiplex genome editing in switchgrass by 
simultaneously editing two genes. Individual plants derived from the same callus line may 
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contain different mutations. Finally, the production of homozygous mutant for the target 
gene, PGM in T0 generation without inbreeding shows great potential for gene functional 
analysis and germplasm improvement in switchgrass as well as in other self-incompatible 
perennial grasses with high ploidy levels. The transient assay protocol that we developed for 
switchgrass is a valuable tool that can be used to test different CRISPR/Cas9 with various 
target sequences.  
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Tables 
 
Table 1. Frequencies of CRISPR/Cas9-induced mutations for tb1a, tb1b and PGM genes 
Gene 
Callus line 
#† 
# of sequenced 
independent 
transgenic events 
# of plants 
sequenced 
# of 
mutated 
plants 
Mutation 
frequency 
tb1 
 
7 
  
 
32 
 
46 
44 (tb1a) 
 
95.6% 
5 (tb1b)‡ 
 
11% 
PGM 
 
1 1 3 0 
13.7% 
3 1 19 5 
5 8 25 2 
13 4 4 0 
 
†Each individual callus line was derived from a single caryopsis.   
‡: tb1b mutant plants also carry the tb1a mutations.  
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Table 2. Types and frequencies of CRISPR/Cas9 induced mutations for tb1a, tb1b and PGM 
genes 
 
Target 
gene 
Mutation type 
(designation) 
Plants with the mutation 
(the 1st number represents 
the event number while 
the 2nd number represents 
individual plants derived 
from the event) 
Number of 
sequenced 
colonies 
carrying 
the 
mutation 
Frequency 
(# of colonies 
with specific 
mutations/# of 
total colonies 
with 
mutations) 
tb1a 1st site 1bp deletion 
(A) 
30-3, 35-3, 52-1,65-2,90-
3,95-2 
8 17.4% 
 1st site 3bp deletion 
(B) 
95-2 4 9% 
 1st site 4bp deletion 
(C) 
30-1 1 2% 
 1st site 5bp deletion 
(D) 
30-1,30-3,52-1,65-2,95-2 7 15.2% 
 1st site 45bp deletion 
(E) 
24-1,35-3,75-1 5 11% 
 2nd site: 1bp deletion 
(F) 
52-1 1 2% 
 2nd site 19bp 
deletion  (G) 
19-5 2 4% 
 2nd site: 1bp 
insertion (H) 
97-2,52-1 5 10.9% 
 1st site 3bp deletion 
and   2nd site: 1bp 
deletion (I) 
95-2 1 2% 
 1st site 7bp deletion 
and  2nd site 1bp 
deletion (J)   
90-3,26-1 3 6.5% 
 1st site 45bp deletion 
and 2nd site 2bp 
deletion (K) 
 
35-3 1 2% 
 1st site 1bp deletion 
and 2nd site 1bp 
insertion (L)   
 
52-1 4 9% 
 128bp deletion 
between two sites 
(M) 
30-3,30-1,35-2,90-3 4 9% 
Subtotal   46 100% 
tb1b 1st site 1bp deletion 
(N) 
11-2,35-2,52-1 5 25% 
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Table 2 continued 
 
Target 
gene 
Mutation type 
(designation) 
Plants with the mutation 
(the 1st number represents 
the event number while 
the 2nd number represents 
individual plants derived 
from the event) 
Number of 
sequenced 
colonies 
carrying 
the 
mutation 
Frequency 
(# of colonies 
with specific 
mutations/# of 
total colonies 
with 
mutations) 
 1st site 3bp deletion 
(O) 
35-2 1 5% 
 1st site 4bp deletion 
(P) 
95-2,35-2 2 10% 
 1st site 5bp deletion 
(Q) 
35-3,95-2 2 10% 
 1st site 6bp deletion 
(R) 
95-2 3 15% 
 1st site 30bp deletion 
and substitution (S) 
95-2 1 5% 
 1st site 1bp deletion 
and 2nd site 1bp 
insertion (T) 
35-2 1 5% 
 1st site deletion, 
insertion and 
substitution, 2nd site 
1bp insertion (U) 
52-1 3 15% 
 128 bp deletion 
between two site (V) 
35-2 2 10% 
Subtotal   20 100% 
PGM 1bp deletion 3-1, 3-2, 3-6, 3-7, 3-9, 5-
4-1 and 5-4-2 
20 100% 
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Figures 
 
Figure 1. Switchgrass protoplast system for assessing CRISPR/Cas9 activity with the GFP 
reporter gene. (a) A schematic of the CRISPR/Cas9 construct expressing a single guide RNA 
(targeting the mutated GFP gene in this case) under a rice U6 promoter and a rice codon 
optimized Cas9 under the maize ubiquitin gene promoter. (b) A construct contains the 35S 
promoter, a nonfunctional GFP gene (GFPm) and a NOS terminator. GFPm contains an 
insertion mutation with a guanine (the lower case, underlined letter g) that is located 
downstream of the translation start site (ATG in red) and three nucleotides upstream of the 
PAM sequence (AGG in green) within the target site for sgRNA. The red arrow head 
indicates the presumptive sgRNA/Cas9 cleavage site. (c) Schematics of the restored, 
functional GFP in which the inserted guanine is deleted.  (d) and (e) Protoplasts transfected 
with GFPm and sgRNA/Cas9 result in some protoplasts (indicated by arrows) emitting green 
fluorescence. Paired images are of the same protoplasts, taken using a Nikon Eclipse E200 
microscope with 20× objective, bright field (d) and fluorescence (e). 
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Figure 2. Schematics of gene structures with exons (solid, black bars), introns (“^” lines) and 
sequences of target sites and guide RNAs. (a) PGM gene with two different alleles; boxed 
letters indicate the allelic SNP; PAM sequence is in bold. (b) and (c) Gene structures of tb1a 
and tb1b and corresponding guide RNAs. Boxed letters indicate the SNP between the two 
genes; sequences complementary to PAM are in bold. Underlined sequences indicate enzyme 
recognition sites used for mutant allele enrichment. 
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Figure 3. Representative sequencing results of the target regions within the PGM gene. (a) 
Chromatograms of DNA sequences in wild type (WT), homozygous mutant (5-4-1) and 
heterozygous mutant (5-4-2).  The red arrow indicates the CRISPR cleavage site and the 
PAM sequence is underlined in WT; black arrow head in 5-4-1 points to the deletion of G 
relative to the wild type PGM sequence; black arrow head in 5-4-2 points to double peak in 
presence of G and T, suggesting the deletion of G in some PCR products. (b) alignment of 
partial sequences of different alleles of the PGM gene spanning the target region obtained by 
colony sequencing of PCR products of a heterozygous and the homozygous mutant plant, 
along with the wild type control. PAM sequence is in bold. The bases A and G highlighted in 
the box show the presence of an allelic SNP within the target region wild type. 
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Figure 4. Representative sequences of tb1 mutations induced by CRISPR/Cas9 with 
deletions (dashed lines), insertions (italic, bold letters) and substitutions (red letters). (a) and 
(b) are for mutations of tb1a and tb1b, respectively. Sequences complementary to PAM 
sequence are in bold.  Sequences between two target sites are indicated by black dots.  
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Figure 5. Sequences of alleles from tb1a and tb1b mutants selected for phenotypic 
characterization. Mutations induced by CRISPR/Cas9 are deletions (dashed lines), insertions 
(italic, bold letters) and substitutions (red letter). Sequences complementary to PAM 
sequence are in bold.  Sequences between two target sites are indicated by black dots. 
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Figure 6. Morphological characterization of wild type (WT-1, 2 and 3), non-mutant 
transgenic plant (#7-1) and mutants (#52-1, 35-3, 95-2, 97-2 and 35-2). (a) Representative 
plants of wild type (WT) and one mutant line with increased tiller numbers (tb1 #52-1) are 
shown. (b) Tiller numbers for different lines. (c) Average plant height for different lines. (d) 
Average stem diameter for different lines. Error bars indicate the SD. 
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Supplemental Figure S1. Illustration of the entry vector pENTR4:gRNA4 
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Supplemental Figure S2. Illustration of the destination vector pUbi-Cas9. 
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Supplemental Figure S3. Embryogenic calli are induced on Murashige and Skoog (MS) 
medium for 6-12 weeks. For subsequent propagation, actively growing calli are subcultured 
on maintenance medium which contains 2 g L-1 L-proline.  Large pieces are divided into 
smaller pieces during subculture which lasts for 3-4 weeks before being subcultured again. 
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Supplemental Figure S4. Resistant embryogenic callus (arrows) are selected on selection 
medium which contains 100 mg L-1 hygromycin.  
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Supplemental Figure S5. Resistant embryogenic callus regenerated on regeneration medium 
which contains 50 mg L-1 hygromycin. 
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Supplementary Tables 
Supplementary Table S1. sgRNA sequence for GFP, tb1 and PGM genes 
 
Supplementary Table S2. Sequences of primers used for each gene 
For gene sequencing 
Gene Forward Primer Reverse Primer 
tb1a TGCCGCTCTCTCACATTCAC GTGCATATCTTGCTGTGCCG 
tb1b CTTAGTGGCAGGACCTAGCG AGTTCAACATCACGCGGTCT 
PGM CATTCCAGGAGTCTGCAACA AGGACGCTGCTGCTATCATT 
M13 TGTAAAACGACGGCCAGT CAGGAAACAGCTATGACC 
For vector validation  
tb1 (1st 
site) GGCGAGAGAAGCCTAGTGTG 
AAACCATGGACTTACCGCTTTACC 
PGM AAACCACCACCACCAGCTCCGTGC 
Entry:guide colony PCR, BtgZI 
tb1(2nd 
site) 
TGTTGACCGAGCTGGTAGCTGAGG 
AAACCATGGACTTACCGCTTTACC 
Transgenic plants confirmation 
 sgRNA (forward) OsCas9 promoter (reverse) 
tb1 GTGTGGTAAAGCGGTAAGTCCATG 
CCTGTTGTCAAAATACTCAA 
PGM GTGTGCACGGAGCTGGTGGTGGTG 
Transgenic plant confirmation, hpt gene 
 Forward Primer Reverse Primer 
All GCGAAGAATCTCGTGCTTTC TCTACACAGCCATCGGTCCAG 
 
Genes  Construct Insertion 
site 
Target sequence (5’—3’) 
Nonfunctional 
GFP 
pU6:gRNA_GFP BtgzI GACCATGGTGAGCAAGGGGCG 
tb1 pU6:gRNA_TB1 
×2/Cas9 
BsaI GGTAAAGCGGTAAGTCCATG  
BtgzI GACCGAGCTGGTAGCTGAGG 
PGM pU6:gRNA_PGM/Cas9 BsaI GCACGGAGCTGGTGGTGGTG  
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Abstract 
Switchgrass (Panicum virgatum L.) is an important bioenergy crop widely grown in 
the United States. Tillering is an important trait that influences biomass yield. Hence, 
understanding the tillering mechanism in switchgrass will enhance switchgrass breeding for 
increasing biomass yield. Teosinte Branched 1 (tb1)/Branched 1 (BRC1) gene is a negative 
regulator of tillering/branching in monocots and eudicots. However, limited research about 
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tb1-like (Pvtb1) genes in switchgrass has been conducted. Characterizing the function of 
Pvtb1 genes will provide insights for tillering mechanism in switchgrass. In our previous 
study, using CRISPR/Cas9 system, Pvtb1a and Pvtb1b mutants have been generated in T0 
generation. Here, we fully characterized the nature of mutations in the primary mutants with 
Next Generation Sequencing. Solid Pvtb1a and Pvtb1b mutants with various allelic 
compositions were isolated from chimeric T0 mutants using micropropagation. In addition, 
we demonstrated the transmissibility of CRISPR/Cas9-induced mutations in switchgrass and 
produced transgene-free mutants. By comparing the tiller numbers of heterozygous mutants 
for Pvtb1a, Pvtb1b, Pvtb1a-tb1b and wild type plants, we concluded that Pvtb1 genes 
negatively regulate tillering in switchgrass, where Pvtb1b has a major effect. Transcriptome 
analysis showed that 831 genes differentially expressed in Pvtb1a-tb1b knockdown mutant 
compared to the wild type plant. Gene Ontology (GO) analysis revealed that downregulation 
of Pvtb1 genes affect multiple biological processes, including transcription, flower 
development, cell differentiation, and stress/defense responses in switchgrass. This study 
provides valuable insights on the tillering mechanism regulated by Pvtb1 genes in 
switchgrass. 
 
Introduction 
Fossil fuels have served human for millions of years, which had caused significant 
anthropogenic climate change (Hook and Tang, 2013) and is a finite resource. Meanwhile, it 
will be a great challenge to meet the increasing demand for energy by the growing human 
population (Hook and Tang, 2013; Nageswara-Rao et al., 2013). Hence, to develop 
environment friendly renewable energy sources, high yielding bioenergy crops for biofuels 
have gained great attentions (Nageswara-Rao et al., 2013). After over 15 years’ investigation, 
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switchgrass (Panicum virgatum), a C4 perennial grass with high biomass yield, was named a 
model bioenergy crop by the U.S. Department of Energy in 1991 (Wright and Turhollow, 
2010). Switchgrass is native to North America and well adapted to marginal land that are not 
suitable for food crops (Mitchell et al., 2008; Narasimhamoorthy et al., 2008). In addition, 
the low production cost and high lignocellulose-based biofuel potential makes it a great 
choice for bioenergy crop (McLaughlin and Kszos, 2005). Switchgrass is a highly 
heterozygous, self-incompatible out-crossing species with various ploidy levels 
(Narasimhamoorthy et al., 2008). Upland and lowland ecotypes with distinct morphological 
traits are the two major representative taxa within switchgrass (Zhang et al., 2011). Most of 
the low tillering lowland ecotypes are tetraploid (2n=4x=36), while the high tillering upland 
ecotypes contains both tetraploids and octoploids (2n=8x=72) with hexaploids (2n=6x=54) 
reported rarely (Zhang et al., 2011).      
Increase of biomass yield is always a high priority for switchgrass researchers 
(Casler, 2010; Lu et al., 2013; Okada et al., 2010). Research in switchgrass have shown that 
tiller number was positively correlated with biomass yield (Boe, 2007; Boe and Beck, 2008; 
Das et al., 2003). Das et al. (2003) reported that number of tillers contribute directly to 
biomass yield of switchgrass. Therefore, understanding tillering mechanisms in switchgrass 
at the molecular level may facilitate developing high biomass yielding switchgrass cultivars. 
Tillers are branches that developed from axillary buds at unelongated internodes. Multiple 
reports have revealed that tillering or branching are regulated by numerous endogenous and 
environmental factors in both eudicots and monocots (Gonzalez-Grandio et al., 2017; Holalu 
and Finlayson, 2017; Kebrom et al., 2010; Reddy and Finlayson, 2014; Whipple et al., 2011). 
For instance, auxin is a well-known contributor to apical dominance which inhibit axillary 
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buds outgrowth, while cytokinins (CKs) promote buds outgrowth (Braun et al., 2012; 
Minakuchi et al., 2010; Morris, 1977; Thimann and Skoog, 1933). Strigolactones (SLs), 
another key signals, represses branching or tillering in both monocots and eudicots (Arite et 
al., 2007; Sorefan et al., 2003; Zou et al., 2006). Additionally, in Arabidopsis and sorghum, 
low red light:far-red (R:FR) light ratio inhibit branching by reducing the bud outgrowth, 
indicating that light signals regulate shoot branching (Finlayson et al., 2010; Kebrom et al., 
2010; Kebrom et al., 2006). Hence, there are important integrators in harmonizing the 
branching pathways.  
Teosinte Branched 1 (tb1) gene is an important tillering/branching-related 
transcription factor gene that integrates environmental and developmental cues (Doebley et 
al., 1997; Seale et al., 2017; Whipple et al., 2011). It belongs to the TCP (TEOSINTE 
BRANCHED1, CYCLOIDEA, PCF) gene family in which all members have a 59-amino 
acid, non-canonical basic helix-loop-helix (bHLH) motif that allows DNA binding and 
protein-protein interactions (Martin-Trillo and Cubas, 2010). Closely related tb1 genes have 
been identified in monocots and dicots (Aguilar-Martinez et al., 2007; Choi et al., 2012; 
Kebrom et al., 2006; Martin-Trillo et al., 2011; Nicolas et al., 2015). For example, the OsTB1 
gene functions as a negative regulator for lateral branching in rice (Oryza sativa L.) (Choi et 
al., 2012; Takeda et al., 2003). The ortholog of tb1 in bread wheat (Triticum aestivum L.) 
regulates inflorescence architecture and outgrowth of tiller buds (Dixon et al., 2018). In 
Arabidopsis, two homologs of tb1, BRANCHED 1 (BRC1) and BRANCHED 2 (BRC2), 
regulate branching with BRC1 having the major effect on branching (Aguilar-Martinez et al., 
2007). Many studies have demonstrated that tb1 genes integrates multiple signaling pathways 
to regulate bud outgrowth (Kebrom et al., 2013; Rameau et al., 2015). Low R:FR ratio 
73 
 
inhibits the outgrowth of axillary buds by upregulating the expression of SbTB1 in sorghum 
(Sorghum bicolor). In Arabidopsis, the BRC1 suppressed lateral bud development in 
response to shade by regulating abscisic acid pathway (Gonzalez-Grandio et al., 2017). 
Cytokinins activate buds outgrowth by inhibiting the expression of the PsBRC1 in pea 
(Pisum sativum L.) (Braun et al., 2012) and OsTB1 in rice (Minakuchi et al., 2010). All these 
studies demonstrated that BRC1/TB1 is a common target for hormonal and environmental 
signals that regulate branching across species. Hence, understanding the function of 
switchgrass tb1 genes can provide useful information to understand the tillering mechanisms 
in switchgrass.  
The genome of the allotetraploid switchgrass ‘Alamo’ (2n = 4x = 36, NNKK) has 
many genes present in two homoeologs on homoeologous chromosomes. Based on the 
genome database, there are two Pvtb1 genes (tb1a and tb1b) with 89% DNA sequence 
identity in switchgrass (Panicum virgatum v1.0, DOE-JGI, http://phytozome.jgi.doe.gov/). 
Because switchgrass is a self-incompatible and highly heterozygous species, it is difficult to 
obtain single homozygous knockout mutants of each tb1 genes to determine their relative 
contributions to the tillering by inbreeding. To understand the genetic interaction between 
tb1a and tb1b, double mutants with loss-of-function in both tb1 genes need to be obtained. 
Targeted mutagenesis by clustered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated protein 9 nuclease (Cas9) based genome editing tools have 
been used to obtain mutants to understand the role of genes regulating complex traits (Wang 
et al., 2018; Yang et al., 2018). The CRISPR/Cas9 system has been successfully applied in 
switchgrass to produce tb1 mutant plants with enhanced tiller production (Liu et al., 2017). 
However, the allelic composition of tb1 genes in these T0 mutant plants are still not clear. In 
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addition, it is possible that these primary mutants are chimeric, which prevent accurately 
assessing the function of tb1 genes. In many plant species that can be vegetatively 
propagated, solid mutants could be successfully isolated from chimeric mutants 
(Maluszynski et al., 1995). Separating mutated sectors by in vitro multiplication has been 
achieved in banana, cassava and other vegetatively propagated crops (Das et al., 2000; 
Harten et al., 1981; Maluszynski et al., 1995; Novák et al., 1990). Switchgrass could be 
readily propagated using node culture (Alexandrova et al., 1996). Hence, in theory, 
combining the targeted mutation induction by CRISPR/Cas9 with micropropagation method 
would allow us to generate solid mutants in a short time.  
Mutants induced by CRISPR/Cas9 are not only useful for functional gene analysis, 
but also valuable germplasm for breeding. Stability and inheritance of CRISPR/Cas9 induced 
mutations have been successfully demonstrated in other plants (Char et al., 2017; Feng et al., 
2014; Ito et al., 2015; Ma et al., 2015; Xu et al., 2015; Zhou et al., 2014a). Yet, the 
transmission of CRISPR/Cas9 induced mutations in switchgrass has not been reported. 
Furthermore, the CRISPR/Cas9 transgene can be eliminated in the next generation by 
random assortment and chromosome segregation without affecting the intended edit (Jones, 
2015). Transgene-free mutants have been obtained in multiple crops using CRISPR/Cas9-
based genome editing tools (Char et al., 2017; Liang et al., 2017; Xu et al., 2015; Zhang et 
al., 2016; Zhou et al., 2014a); however, little is known using CRISPR/Cas9 to generate 
transgene-free mutants in switchgrass. Constituting no foreign DNAs, crop varieties 
generated through CRISPR/Cas9-based genome editing method could escape the associated 
regulations (Waltz, 2018). Hence, these mutants would be valuable materials for switchgrass 
breeding. 
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Here, we successfully used the micropropagation method to purify chimeric mutants 
induced by CRISPR/Cas9, which provides a robust novel tool for CRISPR/Cas9-based 
genome editing in self-incompatible plants. Moreover, the transmission of CRISPR/Cas9-
induced mutations in switchgrass was demonstrated in this study. Transgene-free progeny 
mutants, preserving similar phenotypic effect of Pvtb1 mutations to the micropropagated 
mutants, were generated in this study. With these mutants, we showed that Pvtb1 genes 
negatively regulate tiller numbers in switchgrass, where Pvtb1b appears to have a major 
effect. This is the first report of using double mutants to characterize the function of 
homeologous genes in switchgrass, suggesting that the CRISPR/Cas9-based multiplex 
genome editing system is a promising tool for switchgrass genetic research and breeding. 
Transcriptome analysis of the Pvtb1 knockdown mutant 52-1 and wild type plant WT-1 
suggested that Pvtb1 genes are involved in different pathways to regulate tillering in 
switchgrass. These results demonstrate the functional role of Pvtb1 genes in switchgrass and 
solved the challenges for using mutants generated by CRISPR/Cas9 system to study the 
function of genes in switchgrass.   
 
Results 
Genotype validation of the primary mutants using Next Generation Sequencing 
Determining allelic configuration in a highly heterozygous polyploid species such as 
switchgrass can be challenging. To validate the genotypes of each of the CRISPR/Cas9 
induced primary mutants, deep sequencing using the Next Generation Sequencing (NGS) 
technology is performed. For each mutant, four to five plants micropropagated from axillary 
buds of randomly selected tillers were used for genotyping. To generate plants for genotype 
validation, we micropropagated primary (T0) tb1 mutants (52-1, 97-2, and 35-2) and a wild 
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type plant (WT-1) (Supplementary Figure S1). After about 8 weeks of culture, 48, 20, and 35 
plantlets were successfully generated from the primary mutants 35-2, 52-1, and the wild type 
plant WT-1, respectively. However, only one plantlet was generated from the mutant 97-2.   
In total, 13 sequencing libraries for the tb1a amplicon with an insert size of 250bp 
and 13 sequencing libraries for the tb1b amplicon with an insert size of 288bp were 
constructed. Because we used a single CRISPR/Cas9 construct with two target sequences to 
target two different conserved regions of Pvtb1 genes, amplicons of both Pvtb1 genes cover 
these two target sites. For each library, at least 5,000 reads were generated to determine the 
sequence of the respective amplicons. Allelic composition of the plants regenerated from 
axillary buds of randomly selected tillers of primary mutants were estimated using CRISPR-
DAV pipeline. For the mutant plant 52-1, five individual plants, 52-1-1, 52-1-2, 52-1-3, 52-
1-4, and 52-1-5 micropropagated from different tillers were genotyped. Among these, four 
plants (52-1-1, 3, 4, and 5) contained the same mutations for tb1b (Table 1) with no wild type 
allele found in them (Table 1). Fifty percent of the amplicons contained one C deletion at the 
first target site, while the other half amplicons contained mixed mutations (deletions, 
insertions, and substitution) at the first target site and one A insertion at the second target site 
(Table 1). These results indicated that these four plants developed from a single progenitor 
cell carrying bi-allelic mutations of the tb1b gene.  
For the tb1a gene, all alleles of the tb1a in 52-1-3 were mutated with half of the tb1a 
alleles contained one G deletion at the first target site and one T insertion at the second target 
site, while the other half of tb1a alleles contains only one change, an insertion of G at the 
first target site (Table 1). In 52-1-1, 4, and 5, 50% of the alleles are WT and 50% of the 
alleles were mutated with one G deletion at the first target site and one T insertion at the 
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second target site (Table 1). These results showed that the plant 52-1-3 derived from a single 
progenitor mutant cell carrying bi-allelic mutations of tb1a gene, while plants 52-1-1, 4, and 
5 originated from a single progenitor mutant cell carrying a heterozygous tb1a mutation.  
The genotype of 52-1-2 is complex for both tb1a and tb1b. For target sites of tb1a, 
40% of the amplicons from 52-1-2 were of the wild type allele; 18% of the amplicons carried 
one G deletion at the first target site and one T insertion at the second target site; 35% of the 
amplicons carried a 5 bp deletion at the first target site; and only 7% of the amplicons 
contained a 6 bp deletion at the first target site (Table 1). For tb1b, 24% of the tb1b 
amplicons are of the wild type allele; 28% of the amplicons carried a 4 bp deletion at the first 
target site with no mutation at the second site; 20% of the amplicons carried a 1 bp deletion 
at the first target site and no mutation at the second site; 17% of the amplicons carried mixed 
mutations (deletions, insertions, and substitution) at the first target site and one A insertion at 
the second site; and finally 11% of the amplicons carried a 5bp deletion at the first target site 
and a T insertion at the second site (Table 1). The makeup of the wild type and mutant alleles 
are not proportional to the expected allelic composition in a tetraploid species, strongly 
indicating that the plant 52-1-2 was a chimeric mutant comprises mixture of cells carrying 
different mutations induced by CRISPR/Cas9.  
Only one plant was obtained from the primary mutant 97-2 through 
micropropagation. Sequencing results from this plant showed identical allelic composition 
for the tb1a gene to that of three tillers of the primary mutant, i.e., 50% of the tb1a alleles is 
wild type, while the other 50% of tb1a alleles carried one T insertion at the second target site 
(Table 1). On the other hand, there was no tb1b mutations observed in these samples 
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collected from 97-2. These results demonstrate that the primary mutant 97-2 is a 
heterozygous tb1a mutant. 
Four plants derived from the primary mutant 35-2 were genotyped by NGS. For tb1a, 
with the exception of plant 35-2-3, the other three plants have only the wild type allele of 
tb1a (Table 1). In plant 35-2-3, 72% of tb1a reads were wild type; 22% of the tb1a reads 
contained a 4 bp deletion at the first target site; and the rest 6% reads carried one C deletion 
at the second target site (Table 1). For the tb1b gene, with the exception of the plant 35-2-2 
which contained no mutations, the other three plants contained at least one mutation. The 
plant 35-2-5 carried 25% mutated tb1b alleles with a 5 bp deletion at the first target site 
(Table 1). Plants 35-2-1 and 35-2-2 both contained ~ 80% tb1b wild type allele and ~ 6% 
reads with a 128 bp deletion between the two target sites of tb1b (Table 1). In addition, there 
were 13% amplicons contained a 44 bp deletion at the first target site in 35-2-1, while plant 
35-2-3 contained 6% reads with 4 bp deletion at the first target site (Table 1). These results 
strongly suggested that plants 35-2-1 and 35-2-5 are chimeric mutants for tb1b and the plant 
35-2-3 is a chimeric mutant for both tb1a and tb1b genes. In contrast, the plant 35-2-2 carried 
no mutations. Hence, the primary mutant 35-2 must be a chimeric mutant for both tb1 genes. 
 
Solid tb1 mutants show enhanced tiller production    
The NGS data accurately determined allelic compositions for tb1 genes of 
micropropagated plants described above. Tiller numbers of these plants were compared to 
assess the phenotypic effects of tb1 genes. The chimeric mutants 35-2-1 and 35-2-3 with a 
small portion of mutated cells generate 18 and 22 tillers respectively, which is less than the 
34 tillers of non-mutant plant 35-2-2 (Figure 1B). The tiller number of the 35-2-5 tb1b 
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chimeric mutant is 39 which is similar to that observed for the wild type plant (Figure 1B). 
These results demonstrate that a small amount of cells with mutated tb1 genes did not 
influence the tiller production of a whole plant. The heterozygous tb1a mutant 97-2-1 
produced 53 tillers, which showed an increased tiller production compared to the non-mutant 
plant (35-2-2) and the chimeric mutants (35-2-1, 35-2-3, and 35-2-5) (Figure 1B). Further, 
the doubly heterozygous tb1a-tb1b mutant 52-1-1 (genotype Aabb where A and a represent 
the tb1a gene and B and b represent the tb1b gene) produced 77 tillers, the highest number 
among the one-year old plants (Figure 1B). Additionally, among the 8 months old plants, the 
tb1a-tb1b mutants, 52-1-3 (genotype aabb) and 52-1-5 (genotype Aabb) produced more 
tillers, 31 and 37 respectively, than the average tiller number of wild type plants (genotype 
AABB), 21 (Figure 1A and C). Overall, tb1a-tb1b double mutants (genotype A_bb) had 
significantly (Student’s t-test P < 0.05) higher tiller number compared to respective wild type 
plants with an average increase of 97% (Figure 1D). 
 
CRISPR/Cas9-induced mutations can transmit to progeny 
Only transgene-free T1 plants, derived from crossing the T0 mutants as maternal 
parents with WT, were examined to avoid the complications that may have risen due to the 
continuing action of the CRISPR/Cas9 transgene. Among the 30 progeny of the primary 
mutant 52-1, 12 were transgene-free and all carried mutations. Meanwhile 3 out of 6 progeny 
of the cross between mutant 35-1 and the wild type carried no transgenes (Table 2). 
Additionally, 18 out of 20 progeny from the mutant 35-2 were transgene-free (Table 2), but 
only one carried mutation.  
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The tb1 mutations observed in all three primary mutants were observed in their 
progeny, indicating a successful transmission of the mutations to the progeny (Table 3). 
Among these three primary mutants, 52-1 produced the most transgene-free progeny carrying 
the original mutations (Table 2). Five T1 plants of the 52-1 had both tb1 genes mutated 
(Table 3), while the other five plants, in T1 generation, only contained mutations of tb1b 
(Table 3).  
Three types of tb1a mutations were detected in the heterozygous Pvtb1a-Pvtb1b 
mutant progeny of 52-1 (Table 3). Interestingly, two types of tb1a mutated alleles and one 
wild type allele were discovered in the T1 plant 52-1-T1-5, which suggested that there might 
be two tb1a homeologous genes in the genome of switchgrass (Table 3). Both of these two 
mutations were detected in the primary mutant 52-1. Another interesting discovery was that 
the 52-1-T1-24 had the mutated tb1a allele with a 128 bp deletion which was not observed in 
the primary 52-1 mutant (Table 3). Additionally, two heterozygous tb1a mutant were 
obtained from the progeny of the 35-2 (Table 3). These two mutants (35-2-T1-1 and -6) 
carried the identical mutations observed in the primary mutant 35-2. Furthermore, one 
heterozygous tb1a-tb1b mutant with big deletions for both tb1 genes was found in the 
progeny of 35-1 (Table 3).            
 
Pvtb1b negatively regulates tiller production in switchgrass 
Based on the most recent switchgrass genome in Phytozome (Goodstein et al., 2012) 
(https://phytozome.jgi.doe.gov/pz/portal.html), two tb1-like genes, Pvtb1a 
(Pavir.Ia00838/Pavir.9NG142700) and Pvtb1b (Pavir.Ib04362/Pavir.9KG031700), were 
isolated from the genome of switchgrass using gene-specific primers. These two Pvtb1 genes 
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are located on homeologous chromosomes, thus are homeologous to each other. Amino acid 
sequence alignment of Pvtb1 genes and other tb1 orthologues of related species showed that 
both PvTB1 proteins has the conserved TCP domain and R domain (Figure 2A). PvTB1 
proteins shared 89% amino acid (aa) identity with each other and high aa identity (58%-82%) 
with rice, maize, and sorghum. Phylogenetic analysis revealed that the PvTB1 proteins 
clustered together (Figure 2B). Also, they are more closely related to TB1 proteins of 
sorghum and maize than to the orthologous proteins of rice and Arabidopsis (Figure 2B). 
These results suggested that, similar to their orthologs in related species, Pvtb1 genes most 
likely function as regulators for tillering in switchgrass.       
The enhanced tiller number of solid mutants indicates that Pvtb1 genes negatively 
regulate tillering in switchgrass. To fully uncover the function of Pvtb1 genes, tiller numbers 
of heterozygous Pvtb1a (genotype AaBB), Pvtb1b mutants (genotype AABb), and Pvtb1a-
Pvtb1b mutants (genotype AaBb) in the T1 generation were investigated (Figure 3A). Tiller 
numbers of doubly heterozygous Pvtb1a-Pvtb1b mutants and single heterozygous Pvtb1b 
mutants were significantly higher than in the wild type plants (Figure 3B). The average 
increase in tiller number for doubly heterozygous Pvtb1a-Pvtb1b mutants was 45%, while 
the average tiller number increased by 30% across all heterozygous Pvtb1b mutants (Figure 
3D and Table 4). Although the heterozygous Pvtb1a-Pvtb1b mutants produced more tillers 
than the Pvtb1b heterozygous mutants, no significant difference was observed between these 
two groups of mutants (Figure 3B and 3D). Furthermore, the average percentage increase in 
tiller number for mutants carrying bi-allelic Pvtb1b mutations (A_bb) was more than twice 
the average percentage increase for doubly heterozygous Pvtb1a-Pvtb1b or heterozygous 
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Pvtb1b mutants but no statistical significance was observed between them (Figure 3D and 
Table 4).   
Different from the heterozygous Pvtb1a mutant generated through micropropagation, 
two T1 plants carrying heterozygous Pvtb1a mutations had similar tiller numbers to the 
average tiller number of wild type plants (Figure 3C). According to the Student’s T-test, the 
average percentage increase of tiller number for the heterozygous Pvtb1a mutants (genotype 
AaBB) was not significantly different from wild type plants and other groups of mutants 
(Figure 3D). 
           
mRNA-seq of Pvtb1 mutants suggests Pvtb1 genes are involved in different pathways to 
control tillering in switchgrass 
Although 52-1 was found to be a chimeric mutant, the enhanced tiller production (Liu 
et al., 2017) and its 50% mutated tb1a alleles and 61% mutated tb1b alleles are sufficient to 
be treated as a knockdown mutant of tb1a and tb1b (Supplementary Figure S2). To 
understand the molecular mechanism of enhanced tillering of tb1 mutants, significantly 
differentially expressed genes (DEGs) were identified from the transcriptomic data generated 
by three independent biological replicates from pooled axillary buds of the 52-1 mutant and a 
wild type plant WT-1 reproductive tillers. Using a generalized linear model with the R 
package edgeR (Robinson et al., 2010), 831 genes showed significantly differential 
expression between WT-1 and 52-1 when the false discovery rate (FDR) was controlled at 
0.05 (Benjamini and Hochberg, 1995) (Supplementary Table S1). Among them, 364 genes 
were significantly upregulated while 467 genes showed significantly down regulation in the 
mutant 52-1 (Supplemental Figure S3).  
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Orthologous Arabidopsis genes for these DEGs were subjected to Gene Ontology 
(GO) analysis using the Database for Annotation, Visualization and Integrated Discovery 
(DAVID) (Huang et al., 2009a; Huang et al., 2009b). Regarding the biological process, 
twenty-seven terms (P<0.05, Supplementary Table S3) were enriched among down-regulated 
genes in the mutant, and 12 terms (P<0.05, Supplementary Table S2) for the up-regulated 
genes. A major GO term for these DEGs was DNA-templated transcription (GO: 0006351) 
(Figure 4A and 4B). Among the genes enriched in this GO term, RNA levels for thirty-four 
genes increased significantly in the tb1 genes knockdown mutant 52-1 while the rest forty-
three genes were down regulated (Supplementary Table S4). The majority of the genes in this 
GO term were transcription factors (TFs). For instance, three TCP family TFs (TCP2, 4, and 
5) and four MADS-box family TFs (AP1) genes were up regulated in the mutant 52-1, while 
eight WRKY family TFs (WRKY30, 33, 40, 41, 46, and 53) and three NAC family TFs 
(NAC02, 036, and 102) were down regulated. GO terms associated with cell differentiation 
and positive regulation of development were also enriched among the upregulated genes in 
the mutant. Other GOs enriched in both up- and down-regulated genes were response to 
various phytohormones suggesting that Pvtb1 genes are involved in various hormonal 
signaling pathways to regulate tillering in switchgrass (Supplementary Table S2 and S3). For 
example, BRH1, a brassinosteroid-responsive RING-H2 gene, was down regulated in the 
Pvtb1 genes knockdown mutant (Figure 4C). On the contrast, auxin-responsive factor and 
ABA-induced proteins were both up regulated in the mutant (Figure 4C). In addition, GO 
terms involved in negative regulation of flower development and heterochromatin 
maintenance were overrepresented among the down-regulated genes (Figure 4B). For 
example, Arabidopsis DRD1 and EDM2 both regulate DNA methylation patterns (Cho et al., 
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2016; Duan et al., 2017). Hence, we speculate that epigenetic modification plays a role in 
Pvtb1-mediated regulation in tillering in switchgrass. Intriguingly, GOs associated with 
stress/defense responses were significantly enriched in down-regulated genes indicating that 
Pvtb1 genes might function in maintaining homeostasis in the regulation of growth and 
defense (Figure 4B and 4C). These data suggested that the gene regulatory network of 
tillering in switchgrass is complex and Pvtb1 genes are important hubs in this network. 
 
Discussion 
Recent development of the CRISPR/Cas9-based genome editing tool has provided 
new possibilities for reverse genetics-based studies in switchgrass (Liu et al., 2017). In this 
study, through the nodes culture of chimeric primary mutants induced by the CRISPR/Cas9 
system, we successfully obtained a Pvtb1a-Pvtb1b knockout mutant, a Pvtb1a heterozygous 
mutant, and two Pvtb1b knockout mutants with Pvtb1a heterozygous mutations. Solid 
mutants obtained from micropropagation showed similar phenotypic effect of Pvtb1 
mutations to the T1 generation mutants indicating that micropropagation is an effective way 
to isolate mutant sectors from chimeric mutants in switchgrass. For perennial grasses, it is 
difficult to obtain progeny seed due to the asynchronous ripening, shattering and self-
incompatibility (Cox et al., 2006). In addition, because of the low light intensity and lack of 
adequate air circulation at the greenhouse, it is difficult for pot-grown transgenic switchgrass 
with insufficient root mass to produce many viable seeds. These limitations make it difficult 
to obtain progeny of switchgrass mutants induced by CRISPR/Cas9. Actually, we only 
obtained less than 100 seedlings from around 30 heading tillers in this study. Strong genetic-
incompatibility of switchgrass is another obstacle to generate homozygous mutants. To set 
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seeds carrying homozygous mutations, individual mutants used for crossing must have 
different alleles of S and Z genes (Martinez-Reyna and Vogel, 2002), which is difficult to 
determine. Also, it takes over 6 months for switchgrass seedlings to generate reproductive 
tillers (Hopkins et al., 1995; VanEsbroeck et al., 1997), which is required to obtain 
homozygous progeny containing CRISPR/Cas9-induced mutations by crossing. Considering 
all these obstacles listed above, the successful purification of chimeric mutants using 
micropropagation provides a valuable method.  
Switchgrass are widely considered allotetraploid with two homeologous subgenomes, 
but detailed information about chromosome pairing, whole or partial genome duplications, 
and allelic diversity of specific genes is lacking (Missaoui et al., 2005; Okada et al., 2010). 
Hence, with limited information provided by sequencing clones of the PCR amplicons 
spanning the target regions, the nature of mutants were still undecided from our previous 
study (Liu et al., 2017). Because each single read spans the length of a whole amplicon when  
150-cycle paired-end Hi-seq sequencing is used, 1,000 reads can provide sequence 
information for 1,000 alleles, which means one allele can be sequenced 1,000 times with 
1,000 reads. Taking advantages of the NGS technology, genotypes of micropropagated 
mutants were fully characterized in this report. Except for one heterozygous mutant (97-2), 
two primary mutants (52-1 and 35-2) were revealed to be chimeric mutants. In addition, 
chimeric mutants were also found in micropropagated plants. The homogeneous 
heterozygous mutant was most likely generated from a single mutated cell, while the 
chimeric mutants are likely the results of continuous or late action of CRISPR/Cas9 in the 
callus cells. These results suggested that the CRISPR/Cas9 system in switchgrass might 
function as early as in the embryogenic callus cells or as late as in the vegetative tissues. 
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Indeed, chimeric mutations induced by CRISPR/Cas9 have been reported in different species 
(Feng et al., 2014; Pan et al., 2017). For instance, one report showed that 63.9% T0 
transgenic plants carried chimeric mutations in tomato (Solanum lycopersicum L.) (Pan et al., 
2017). In rice, the segregation ratio of CRISPR/Cas9-induced mutations in T1 generation did 
not follow the law of segregation, indicating the chimeric mutations in T0 plants (Xu et al., 
2015). In Arabidopsis, it has been shown that the mutations detected in T1 plants were very 
likely created by CRISPR/Cas9 in somatic cells rather than in germ-cells of T0 plants, 
indicating that CRISPR/Cas9 function at different developmental stages among different 
cells and tissues(Feng et al., 2014; Jiang et al., 2014).  
Transgene-free mutants were successfully obtained by crossing primary mutant plants 
with wild type plants. Although the segregation ratio of the transgene in the T1 progeny were 
investigated, it is difficult to estimate the copy number of transgene in these primary mutants 
because the 35-2 and 52-1 mutants are chimeric and chromosomal pairing at meiosis are 
complex in polyploidy species. However, based on the segregation ratio of CRISPR/Cas9 
transgene among progeny from different crosses, we can still infer that mutants 52-1 and 35-
1 possessed more copies of the CRISPR/Cas9 transgene in their genomes than the T0 mutant 
35-2. 
The majority of the mutations observed in progeny were identical to the mutations in 
the primary mutants. For example, T1 progeny of the 52-1 carried the Pvtb1b mutations that 
were present in all five tillers of the 52-1. These results demonstrate the mutations induced 
by the CRISPR/Cas9 in T0 mutants were stably transmitted to the T1 generation without 
alteration. However, a mutation (128bp deletion) of Pvtb1a, not detected in the primary 
mutant 52-1, was observed in the T1 transgene-free mutant 52-1-T1-24. This deletion likely 
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escaped detection in the sequencing of T0 plants. To know more details about the inheritance 
of each mutation, the mutant nature of progeny generated from each tiller must be compared 
with the tiller from which T1 seeds were obtained. The concern is that we might not be able 
to obtain enough progeny from each tiller to analyze the segregation ratio of mutations 
induced by CRISPR/Cas9. To address this, we can produce T2 plants by crossing different 
pairs of T1 plants that are well characterized. Then investigation of the segregation ratio of 
mutations in T2 plants will allow us to determine if the transmission of the mutations follows 
the Mendelian model.  
Most of the T1 transgene-free mutants carried one wild type and one mutated Pvtb1a 
allele. However, two different mutated Pvtb1a alleles and one wild type allele were 
discovered in the T1 plant 52-1-T1-5 indicating more than two Pvtb1a alleles in the genome 
of switchgrass. This result provided an evidence for our previous inference that Pvtb1a might 
have produced its own positional homeologs through polyploidization (Liu et al., 2017). All 
of the T1 transgene-free mutants carrying Pvtb1b mutations contained only one type of 
mutated Pvtb1b allele, suggesting there are only two Pvtb1b alleles in the genome of 
switchgrass. These results suggested that the CRISPR/Cas9 system might be applied for the 
estimation of gene copy numbers in switchgrass.  
Pvtb1 genes are closely related to the tb1 genes in other monocots. The enhanced 
tillering of heterozygous Pvtb1b mutant indicates that the Pvtb1b gene plays a critical role in 
regulating switchgrass tillering. This function is similar to orthologs of tb1 in other species, 
which reflected the conservation of functions of tb1 genes (Aguilar-Martinez et al., 2007; 
Braun et al., 2012; Kebrom et al., 2006; Takeda et al., 2003). In maize, studies have shown 
that tb1 regulates branching in a dosage-dependent manner (Doebley et al., 1995; Hubbard et 
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al., 2002). Maize heterozygous tb1 mutants had slightly more tillers than wild type plants, 
while homozygous tb1 mutants produced more tillers than heterozygous tb1 mutants 
(Doebley et al., 1995). Similarly, we noticed that the average percentage increase of tiller 
number in Pvtb1b knockout mutants (genotype a_bb) was more than twice as the 
heterozygous Pvtb1b mutants (genotype AABb). Although the difference was not significant, 
together with the phenotype results of the heterozygous Pvtb1b mutants, we believe that 
Pvtb1b function in a dosage-dependent manner. Yet, considering the complexity of 
switchgrass genome, more studies are needed to ascertain whether Pvtb1b functions in 
dosage-dependent manner. In addition, due to the high aa sequence identities between Pvtb1a 
and Pvtb1b amino acid sequences, it is reasonable to expect they regulate tillering of 
switchgrass redundantly or additively. However, compared to heterozygous Pvtb1b mutants 
(genotype AABb), heterozygous Pvtb1a-Pvtb1b mutants (genotype AaBb) did not show a 
significantly increased tiller number, indicating that there is no additive effect between 
Pvtb1a and Pvtb1b. Regarding Pvtb1a, only the 97-2-1 (genotype AaBB) showed an 
enhanced tiller number compared to wild type plants, whereas the other two T1 heterozygous 
Pvtb1a mutants, 35-2-T1-1 and -6 (genotype AaBB), had the similar tiller numbers to the 
wild type. In addition, no significant difference was detected between the average percentage 
increase in tiller number in heterozygous Pvtb1a mutants and wild type plants. Based on 
these results we infer that Pvtb1a might have minor effect on tillering in switchgrass. This is 
similar to Arabidopsis in which only BRC1 regulates branching, despite both BRC1 and 
BRC2 have the conserved TCP and R domain (Aguilar-Martinez et al., 2007; Gonzalez-
Grandio et al., 2013; Seale et al., 2017). As mentioned previously that there might be more 
than two alleles for Pvtab1a, it is possible that the remaining non-mutated, functional alleles 
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of Pvtb1a in the two T1 heterozygous Pvtb1a mutants without tiller increase are sufficient to 
compensate for the mutated alleles in maintaining their normal phenotype.   
To have a better understanding of the biological functions of Pvtb1 genes, we 
examined global transcriptional changes caused by the down-regulation of Pvtb1 genes. 
Increased expression level of TCP TFs associated with cell differentiation and positive 
regulation of development in the mutant suggested that Pvtb1 genes inhibit the tiller 
production through deactivating cells differentiation. In addition, HAIRY MERISTEM 3 
(HAM3), a GRAS family TF that interacts with WUSCHEL (WUS) TF to promote shoot 
meristem development (Zhou et al., 2015), was up regulated in the mutant, suggesting 
increased shoot stem cell proliferation in the Pvtb1 genes knockdown mutant. Hence, the 
increased tillers in the mutant 52-1 might have resulted from active meristem cells 
differentiation.  
Altered expression level of TFs involved in flowering pathway suggested that Pvtb1 
genes regulate both vegetative and reproductive development in switchgrass. The cross-talk 
between flowering and branching pathways have been reported in different plant species 
(Dixon et al., 2018; Niwa et al., 2013; Tsuji et al., 2015). For instance, the maize tb1 gene 
inhibits the development of axillary buds at lower nodes, while it promotes the formation of 
ears at upper nodes (Doebley et al., 1997). Another example is that bread wheat (Triticum 
aestivum) TB1 interacts with FT to regulate inflorescence architecture (Dixon et al., 2018). In 
this study, we identified several up-regulated TFs including TCP2, TCP5, and AP1 which 
regulate flower development in plants (Cubas et al., 1999; Mandel et al., 1992; 
O'Maoileidigh et al., 2014; Ono et al., 2012). For example, TCP2 is shown to be strongly 
expressed in petal and stamen primordia during flower development in Arabidopsis, 
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suggesting it is involved in the biological process of flower development (Cubas et al., 1999). 
APETALA1 (AP1) is a well-studied TF in plants which specify the identity of the floral 
meristem (Goslin et al., 2017; Mandel et al., 1992; Serrano-Mislata et al., 2017). In addition, 
the FLOWERING LOCUS T (FT) gene encoding a florigen was activated when Pvtb1 genes 
were down regulated, while SHORT VEGETATVIE PHASE (SVP) gene, a negative regulator 
of the floral transition in Arabidopsis (Hartmann et al., 2000; Notaguchi et al., 2008), was 
down regulated in the mutant 52-1. Although the difference on the timing of flowering 
between the mutants and wild type plants are not consistent in the current study (data not 
shown), the upregulation of the flowering related genes suggested that Pvtb1 genes mutants 
tended to flower earlier than the wild type plant. Actually, the brc1 mutant showed enhanced 
branch number and an earlier vegetative-to-flowering transition in the lateral shoots, 
suggesting that BRC1 interacts with FT to inhibit the floral transition in Arabidopsis (Niwa et 
al., 2013). Different from the finding in Arabidopsis, it is tempting to speculate that there 
might be another pathway regulating flowering independent of Pvtb1 genes in switchgrass.  
Our transcriptomic analysis results suggested that Pvtb1 genes interact with complex 
hormonal signaling pathways to regulate tillering in switchgrass. Six cytochrome P450 genes 
were up regulated in the mutant (Supplementary Table S4). The members of cytochrome 
P450 family catalyze the biosynthesis of several phytohormones including auxin, 
brassinosteroids, and strigolactones which control branching across various plants species 
(Kebrom et al., 2013; Zhao, 2008). In addition, increased expression level of ABA-
responding genes, PROTEIN PHOSPHATASE 2C (PP2C) genes, were observed when the 
Pvtb1 genes were downregulated. These results suggested that Pvtb1 genes control bud 
development by regulating phytohormones biosynthesis and signaling pathways. Actually, in 
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Arabidopsis, several studies have shown that BRC1 promotes the accumulation of ABA and 
the expression of ABA response factors to inhibit bud outgrowth (Gonzalez-Grandio et al., 
2017; Gonzalez-Grandio et al., 2013; Holalu and Finlayson, 2017; Yao and Finlayson, 2015). 
Although it is well known that TB1/BRC1 are involved in hormonal signaling pathways in 
different plant species, these regulation pathways are not conserved across various species 
(Kebrom et al., 2013). For instance, cytokinins repress the expression of TB1 in rice, while 
cytokinins act in a pathway independent of BRC1 in Arabidopsis (Aguilar-Martinez et al., 
2007; Minakuchi et al., 2010). Further, hormonal regulation is complex and more questions 
are still being answered. The time frame of hormonal signaling function in tillering has not 
been decided in switchgrass. In addition, hormonal signaling might act differently among 
nodes at different locations. Hence, more studies are needed to understand how the hormonal 
signals are involved in the Pvtb1-regulating branching pathway.   
Altered expression level of genes responsive to red or far red light in the mutant 
suggested that Pvtb1 genes integrate the light signal to regulate tillering in switchgrass 
(Figure 4C). FAR-RED-IMPAIRED RESPONSE1 (FAR1)-related sequence (FRS) family of 
transcription factors regulate plant growth and development in response to Far-Red (FR) light 
in Arabidopsis (Wang and Wang, 2015). The homolog of FAR1, FAR-RED ELONGATED 
HYPOCOTYLS3 (FHY3) promotes shoot branching in Arabidopsis (Stirnberg et al., 2012). 
Further, FAR1/FHY3 promotes FHY1/FHL gene expression to facilitate phyA nuclear 
accumulation under far red light condition. The downregulation of FRS TFs in the mutant 
suggested that Pvtb1 genes may promote the phyA nuclear accumulation to inhibit the 
axillary bud initiation or outgrowth. Additionally, knockdown of Pvtb1 genes increased the 
expression level of the Phytochrome interacting factor 4 (PIF4) gene that has been shown to 
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control genes involved in cell expansion (Huq and Quail, 2002). Because PIF4 is a TF 
regulated by phyB-mediated signaling, its activity is regulated by the red light signal (Xu, 
2018). These results suggested that Pvtb1 genes regulate tillering with different light 
signaling pathways. It has been reported that tb1 genes inhibit buds outgrowth in the process 
of shade-avoidance-syndrome (SAS) (Kebrom et al., 2013). In Arabidopsis and sorghum, the 
expression levels of BRC1 and SbTB1 were both up regulated under shade treatment 
(Gonzalez-Grandio et al., 2013; Kebrom et al., 2010; Kebrom et al., 2006). Therefore, Pvtb1 
genes might also sense the low R:FR light signal to inhibit bud outgrowth in switchgrass.  
Several genes associated with stress/defense responses were significantly down 
regulated when the expression of Pvtb1 genes were repressed. For example, thirteen Heat-
shock proteins (Hsps)/chaperones which assist in protein refolding under stress conditions 
(Wang et al., 2004) were down regulated in the mutant. It has been shown that 
overexpression of alfalfa (Medicago sativa) MsHSP70 gene could enhance Arabidopsis 
drought and heat stress tolerance (Li et al., 2017a). Soybean (Glycine max) heat shock 
protein 90 family members responses differentially to abiotic stresses and reduce the damage 
of abiotic stresses in Arabidopsis (Xu et al., 2013). Hence, the downregulation of Hsps in the 
mutant suggested that compared to the dormant buds in the wild type plant, the actively 
growing axillary buds of the mutant might be more sensitive to the abiotic stress. Further, the 
expression levels of several WRKY TFs responsive to chitin elicitation functioning in plant 
defense to fungal pathogens (Libault et al., 2007) also decreased in the mutant. In 
Arabidopsis, the WRKY33 is necessary for resistance to pathogen infection (Zheng et al., 
2006). Three structurally related WRKY TFs (WRKY18, 40, and 60) are pathogen-induced 
and involved in plant biotic/abiotic stress responses in Arabidopsis (Chen et al., 2010). It is 
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well-known that tolerance-growth tradeoffs occur in plants under the low-resource conditions 
(Bristiel et al., 2018; Koziol et al., 2012). Plant dormancy, a seasonal adaptive strategy used 
by perennial species, is a great example for growth-stress survival trade-off. The alternative 
expression of stress-related genes in the Pvtb1 knockdown mutant suggested that Pvtb1 genes 
contribute to bud dormancy under stress conditions. Exploration of the mechanism of 
growth-stress tradeoffs in switchgrass would provide valuable information for the 
management of switchgrass for biomass production and development of enhanced stress-
tolerant cultivars. Therefore, the role of Pvtb1 genes in stress/defense responses of 
switchgrass worth further investigation.  
 
Materials and methods 
Micropropagation and seed propagation of CRISPR/Cas9-induced Pvtb1 mutants: 
Primary mutants were generated from our previous study (Liu et al., 2017). Briefly, 
the CRISPR/Cas9 construct containing two target sequences chosen from conserved regions 
of Pvtb1a and Pvtb1b genes was inserted into the genome of switchgrass callus. Primary 
mutants were regenerated from the transgenic callus line. To produce solid mutants from 
chimeric primary mutants, we micropropagated Pvtb1 mutants using axillary buds as 
explants (Alexandrova et al., 1996; Harten et al., 1981). Based on the preliminary data, we 
found that the basal axillary buds of reproductive tillers are more capable to develop into a 
new plantlet compared to the axillary buds from tillers at the vegetative growth stage. Thus, 
each of the two basal nodes containing an axillary bud, from single reproductive tillers were 
placed on the MS-0 medium without any plant growth regulators for micropropagation. 
Three experiments were conducted for the 52-1 and 35-2 mutants and the WT-1 plant with 
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ten tillers for each experiment. Due to the limited number of reproductive tillers, only one 
experiment for the mutant 97-2 was conducted. Following the protocol by Alexandrova et al. 
(1996) with modifications, the nodal segments consisting of an axillary bud and ~1.5 cm of 
the internodes above and below the node were excised, surface sterilized in commercial 
bleach (5% aqueous solution of sodium hypochlorite) for 30 min, and then rinsed three times 
with sterile water. The nodal segments were cut half longitudinally along the sheath edge and 
placed with the cut surface in contact with MS medium solidified with 3 gL-1 Phytagel 
(Sigma Chemical Co., St. Louis). After 8 weeks culture in a growth chamber with a light 
intensity of 140 µmol m-2 s-1 at a photoperiod of 16/8 hours light/dark and a temperature of 
25 °C, regeneration efficiency (regenerated plantlets/total nodes number) were calculated. 
After generating the roots, plantlets were grown in a commercial soil mix (Sunshine soil mix 
#1, Sun Gro) of peat moss and perlite and moved into a mist room for 7-10 days. Then they 
were placed in a greenhouse at 23 °C with a 16/8h (day/night) photoperiod and a light 
intensity of approximately 400 µmol m-2 s-1. 
To investigate the transmission of CRISPR/Cas9 induced mutations in switchgrass, 
T1 progeny were obtained through crossing mutants with compatible wild type plants with 
the mutants serving as the female parents. Seeds were sowed in the same soil as described 
above and maintained at a mist room until germination. Seedlings were transferred to the 
same greenhouse as described above. The presence of the transgene was analyzed using PCR 
with gRNA/Cas9-specific primers (Supplementary Table S5).   
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Genotyping of CRISPR/Cas9-induced Pvtb1 genes mutants:  
NGS were used to genotype the Pvtb1 mutant plants generated from 
micropropagation of primary mutants. To amplify the target fragments of each Pvtb1 gene, 
gene specific primers were designed for tb1a and tb1b respectively. The amplicon size for 
Pvtb1a is 250bp, while the Pvtb1b amplicon size is 288bp. The Illumina overhang adapter 
sequences were added to the gene-specific primers (Supplementary Table S5). A second 
round of PCR was used to add the dual indices with the Nextra XT Index Kit (Illumina, San 
Diego, CA, USA). The quality of these sequencing libraries were determined by the Qubit® 
2.0 Fluorometer. The DNA facility in Iowa State University (ISU) provided the 150-cycle 
HiSeq sequencing service for all the amplicon libraries. The results were analyzed by 
CRISPR-DAV pipeline (Wang et al., 2017).  
The T1 generation mutants were genotyped as described previously (Liu et al., 2017). 
Briefly, the amplicons including target regions were subjected to subcloning and plasmids of 
8 to 12 colonies were sequenced by the M13 primers (Supplementary Table S5) using the 
Applied Biosystems 3730xl DNA Analyzer to characterize the nature of mutations.  
 
Sequence alignment and phylogenetic analysis:  
The sequence of maize tb1 gene was used to blast the sequences of Pvtb1 genes from 
the P. vigatum genome project v4.1 (Panicum virgatum v1.0, DOE-JGI, 
http://phytozome.jgi.doe.gov/). The Pvtb1 genes were isolated and sequenced by the Pvtb1 
genes-specific primers (Supplementary Table S5). Full-length putative amino acid sequences 
of tb1 genes were obtained from Phytozome (Goodstein et al., 2012) 
(https://phytozome.jgi.doe.gov/pz/portal.html) (Supplementary Table S7). Alignments of 
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putative protein sequences of tb1 genes and phylogenetic analysis were performed by Clustal 
Omega (Sievers et al., 2011) (https://www.ebi.ac.uk/Tools/msa/clustalo/).  
 
Statistical analysis of morphological traits:  
A new shoot with at least two leaves were treated as a tiller. Tiller numbers were 
counted for plants at different ages. The tiller numbers of plants at the same age were 
compared (Supplementary Table S6). To compare the morphological traits of plants at 
various ages, average increase percentage in tiller number compared with wild type plants 
was applied. The average increase percentage in tiller number for plants were calculated by 
the tiller number of individual plant dividing the average tiller number of wild type plants at 
the same age. Student’s t-test was used to determine the significance of difference between 
the two groups of data. 
 
Transcriptome sequencing and analysis of the mRNA-seq data  
As the expression database shown, Pvtb1 genes in switchgrass highly express at 
axillary buds (Panicum virgatum v1.0, DOE-JGI, http://phytozome.jgi.doe.gov/). Tillers 
reached the reproductive stage are usually strong enough to have visible axillary buds. We 
even detected aerial tillers developed from axillary buds of reproductive tillers in some 
primary mutants, which is unusual in the wild type switchgrass plants. More importantly, we 
would like to detect if Pvtb1 function in controlling both vegetative and reproductive growth. 
Thus, we extracted RNAs from axillary buds of tillers that have reached reproductive stage. 
The mutant 52-1 with highly increased tiller number and wild type plant WT-1 generated 
from callus were chosen for mRNA-seq. Three biological replications were sampled for each 
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plant. One biological replicate includes all the visible axillary buds from two to three tillers. 
Total RNA from tissue samples were isolated using Qiagen RNeasy Plant Isolation kit 
according to the manufacturer’s protocol and the RNA quality was checked using 
BioAnalyzer 2100 (Agilent Technologies). The cDNA libraries were constructed by the ISU 
DNA facility according to instructions in the Illumina sequencing manual. The Illumina Hi-
seq 3000 150 paired-end platform was used for sequencing by the DNA Facility at Iowa 
State University (http://www.dna.iastate.edu/).  
Library adapter and low quality nucleotides were trimmed off using Trimmomatic 
(Bolger et al., 2014). Then, STAR was applied to align the trimmed reads to the reference 
genome V4.1 of switchgrass (Dobin et al., 2013). The number of reads mapped to each gene 
were calculated using with HTseq-count (Anders et al., 2015). Normalization using Upper 
quantile method and gene expression differences were analyzed with package edgeR 
(Robinson et al., 2010) in the statistical software ‘R’ (Version 3.4.3) (The R FAQ, 
https://CRAN.R-project.org/doc/FAQ/). The criteria for differential expression were defined 
considering an absolute log2-fold change value ≥1 and a false discovery rate ≤ 0.05 
(Benjamini and Hochberg, 1995). Gene Ontology (GO) analysis for DEGs were performed 
using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang 
et al., 2009a; Huang et al., 2009b). ReviGO (Supek et al., 2011) and Cytoscape (Shannon et 
al., 2003) were applied to visualize enriched GOs.   
 
Conclusions 
In conclusion, we successfully isolated mutated segments from chimeric mutants 
using micropropagation. This method overcomes the difficulties of obtaining solid mutants of 
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self-incompatible species. Further, transgene-free mutants were obtained in this research, 
which provided valuable materials for switchgrass genetics research and breeding. More 
importantly, we proved the stability and transmissibility of mutations induced by the 
CRISPR/Cas9 system in switchgrass. Also, this is the first report about using mutants 
induced by the CRISPR/Cas9 system to characterize the function of Pvtb1 genes in 
switchgrass. We proposed that Pvtb1b negatively regulate tillering in switchgrass, while the 
Pvtb1a might have minor effect on tillering. RNA-seq analysis revealed a complex 
regulatory network that potentially regulates tillering in switchgrass and provided some clues 
to the pathways of Pvtb1 genes.       
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Tables 
Table 1. Estimation of allelic composition of Pvtb1 genes in plants regenerated from axillary 
buds.  
Representative sequences of tb1 mutations induced by CRISPR/Cas9 with deletions (dashed 
lines), insertions (italic, bold letters) and substitutions (red letters). Sequences 
complementary to PAM sequence are in bold. Sequences between two target sites are 
indicated by black dots. 
 
Plants name 
(genotype) 
Allelic compositions of tb1 genes 
52-1-1,4,5 
(Aabb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 50% 
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTTCAGCTACCAGCTCGGTA -1/+1 50% 
 
tb1b CCCCAT--GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 50% 
tb1b CTCCATG--CTCA--GCTTTACC........................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 50% 
 
52-1-2 
(Chimeric) 
 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 40% 
tb1a CCCCAT-GACTTACCGCTTTACC........................CCACCTTCAGCTACCAGCTCGGTA -1/+1 18% 
tb1a CCCCA-----TTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA -5/WT 35% 
tb1a CCCCA------TACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA -6/WT 7% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 24% 
tb1b CCCCAT----TTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -4/WT 28%  
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 20% 
tb1b CTCCATG--CTCA--GCTTTACC........................CCACCTACAGCTACCTGCTCGGTA Mix/+1A 17% 
tb1b CCCCA-----TTACCGCTTTACC........................CCACCTTCAGCTACCTGCTCGGTA -5/+1T 11%  
 
52-1-3 
(aabb) 
tb1a CCCCAT-GACTTACCGCTTTACC........................CCACCTTCAGCTACCAGCTCGGTA -1/+1 50% 
tb1a CCCCATGGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA +1/WT 50% 
 
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 50% 
tb1b CTCCATG--CTCA--GCTTTACC........................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 50% 
 
97-2 
(AaBB) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 50% 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTTCAGCTACCAGCTCGGTA WT/+1 50% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 100% 
 
35-2-1 
(Chimeric) 
 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 100% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 81% 
tb1b --------------ACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -44/WT 13% 
tb1b CCCCATG--------------------------------------------------CAGCTACCTGCTCGGTA -128bp 6% 
 
35-2-2 
(AABB) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 100% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 100% 
 
35-2-3 
(Chimeric) 
 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 72% 
tb1a CCCCAT----TTACCGCTTTACC..............................CCACCTCAGCTACCAGCTCGGTA -4/WT 22% 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCT-AGCTACCAGCTCGGTA WT/-1 6% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 87%  
tb1b CCCCATG------------------------------------------------------CAGCTACCTGCTCGGTA -128bp 7% 
tb1b CCCCATG----TACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -4/WT 6% 
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Table 1 continued 
 
Plants 
name 
(genotype) 
Allelic compositions of tb1 genes 
35-2-5 
(Chimeric) 
 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 100% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 75% 
tb1b CCCCA-----TTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -5/WT 25% 
 
WT-1 
(AABB) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 100% 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 100% 
 
 
 
Table 2. Transmission of CRISPR/Cas9-induced mutations in T1 progeny.  
Mutants and compatible wild type plants were mated randomly. Seeds collected from the 
primary mutants were applied for generating T1 plants and further analysis. The presence of 
the transgene was analyzed using PCR with gRNA/Cas9-specific primers (Supplementary 
Table S5). 
 
 
 
 
 
 
 
 
 
 
 
T0 
Mutant 
# 
analyzed  
Cas9 
positive: 
Cas9 
negative 
Cas9 negative 
Heterozygous 
Pvtb1a-
Pvtb1b mutant 
Heterozygous 
Pvtb1b 
mutant 
Heterozygous 
Pvtb1a 
mutant 
Non-mutant 
52-1 
 
30 18:12 5 5 0 2 
35-2 
 
20 2:18 0 0 2 16 
35-1 
 
6 3:3 1 0 0 2 
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Table 3. Allelic compositions of Pvtb1 genes in T1 transgene-free mutants. 
Representative sequences of tb1 mutations induced by CRISPR/Cas9 with deletions (dashed 
lines), insertions (italic, bold letters) and substitutions (red letters). Sequences 
complementary to PAM sequence are in bold.  Sequences between two target sites are 
indicated by black dots. 
 
T1 plants name 
(genotype) 
Allelic compositions of tb1 genes 
52-1-T1-5 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT  
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTTCAGCTACCAGCTCGGTA -1/+1  
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTCAGCTACCAGCTCGGTA -1/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
 
52-1-T1-17 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT  
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTCAGCTACCAGCTCGGTA -1/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 
 
52-1-T1-18 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT  
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTCAGCTACCAGCTCGGTA -1/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 
 
52-1-T1-24 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
tb1a CCCCATG-----------------------------------------------------AGCTACCAGCTCGGTA -128bp  
 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 
 
52-1-T1-28 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT  
tb1a CCCCAT-GACTTACCGCTTTACC.........................CCACCTCAGCTACCAGCTCGGTA -1/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
 
35-1-T1-1 
(AaBb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
tb1a CCCCATG-----------------------------------------------------AGCTACCAGCTCGGTA -128bp 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CCCCATG-------------------------------------------------TCAGCTACCTGCTCGGTA -127bp 
 
52-1-T1-7 
(AABb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
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Table 3 continued 
 
T1 plants name 
(genotype) 
Allelic compositions of tb1 genes 
52-1-T1-15 
(AABb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
 
52-1-T1-19 
(AABb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CCCCAT-GACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA -1/WT 
 
52-1-T1-20 
(AABb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
 
52-1-T1-22 
(AABb) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
tb1b CTCCATG--CTCA--GCTTTACC............................CCACCTCAAGCTACCTGCTCGGTA Mix/+1 
 
35-2-T1-1 
(AaBB) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCT-AGCTACCAGCTCGGTA WT/-1 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
 
35-2-T1-6 
(AaBB) 
tb1a CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCAGCTCGGTA WT/WT 
tb1a CCCCATG-----------------------------------------------------AGCTACCAGCTCGGTA -128bp 
 
tb1b CCCCATGGACTTACCGCTTTACC........................CCACCTCAGCTACCTGCTCGGTA WT/WT 
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Table 4. The percentage tiller number increase for CRISPR/Cas9-induced Pvtb1 genes 
mutants over wild type plants. 
All data are shown as mean±standard error. A represents the wild type allele of Pvtb1a, while 
B represents the wild type allele of Pvtb1b. The mutated allele of Pvtb1a is represented by a, 
while the mutated allele of Pvtb1b is represented by b. The ‘_’ indicates that there is either 
‘A’ or ‘a’ allele in the three solid Pvtb1a-Pvtb1b mutants generated from micropropagation. 
The percentage tiller number increase of each genotype was compared to the wild type plants 
at the same developmental stage using the one-tailed Student’s t test. * indicates the 
significant level at 0.01<P<0.05 and ** indicates the significant level at 0.001<P<0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genotype N Origin % tiller number increase over 
wild type 
AaBB 3 Micropropagation: 97-2-1 ,  
T1 plants: 35-2-T1-1,35-2-
T1-6 
0.27±0.42 
AABb 4 T1 plants 0.3±0.23* 
a_bb 3 Micropropagation 0.97±0.54** 
AaBb 5 T1 plants 0.45±0.2** 
AABB 7 Micropropagation 0±0.23 
AABB 6 T1 plants 0±0.1 
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Figures 
 
Figure 1. Morphorlogical characterization of micropropagated plants. (A). Representative 
plants of wild type (WT) and mutant 52-1-5. (B). Tiller numbers of one year old plants 
generated from the micropropagation experiment. (C).Tiller numbers of 8 months old plants 
generated from the micropropagation experiment. (D). Average percentage of increased tiller 
numbers in Pvtb1b knockout mutants compared to the wild type plants. Bar indicates the 
standard deviation. Statistical analysis were performed using the one-tailed Student’s t test; 
*significant at 0.01 < P < 0.05, **significant at 0.001 < P < 0.01. 
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Figure 2. The structure and phylogenetic analysis of Pvtb1 genes: (A). The multiple 
alignments of Pvtb1 orthologous proteins from various organisms.  The black line indicates 
the TCP domain, while the grey line indicates the R domain.  The gene names are shown 
before amino acid sequences. (B). Phylogenetic tree of Pvtb1 orthologous proteins in various 
organisms. 
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Figure 3. Morphological characterization of T1 plants: (A). Representative plants of 
heterozygous Pvtb1a-Pvtb1b mutant, heterozygous Pvtb1a mutant, wild type (WT), and 
heterozygous Pvtb1b mutant. (B). Average tiller numbers of different genotypes were 
compared to the wild type plants. (C). Tiller numbers of two Pvtb1a mutants with different 
ages and the average tiller number of the wild type plants at the same age. (D). Average 
percentage of increased tiller numbers in different genotypes compared to the wild type 
plants. Bar indicates the standard deviation. Statistical analysis were performed using the 
one-tailed Student’s t test; *significant at 0.01 < P < 0.05, **significant at 0.001 < P < 0.01, 
n.s. (none significance) at P>0.05. 
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Figure 4A. Gene set enrichment analysis of up-regulated genes.  
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Figure 4B. Gene set enrichment analysis of down-regulated genes. 
Figure 4 continued 
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Figure 4C. Expression patterns of presentative DEGs involved in transcription regulation, 
phytohormone signal transduction and stress/defense responses previously characterized in 
Arabidopsis. 
 
Figure 4 continued 
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Supplementary Figure S1. Micropropagation of switchgrass. Longitudinally split nodal 
segments on the MS-0 medium. 
 
 
 
Supplementary Figure S2. Estimation of allelic composition of Pvtb1 genes in one cDNA 
sample of the mutant 52-1. 
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Supplementary Figure S3. Mean-Difference plot showing the log-fold change and average 
abundance of each gene. Compared to the wild type plant, significantly up and down 
differentially expressed genes in the mutant are highlighted in red and blue, respectively. 
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Supplementary Tables 
Supplementary Table S1. Genes that were differentially expressed in Pvtb1a-Pvtb1b 
knockdown mutant compared to the wild-type. logFC represnts the fold change of the 
transcription level of each gene.  
 
See this supplementary file online (upload to ProQuest). 
 
Supplementary Table S2. Biological processes that were enriched among the up-regulated 
genes. 
 
See this supplementary file online (upload to ProQuest). 
 
Supplementary Table S3. Biological processes that were enriched among the down-
regulated genes. 
 
See this supplementary file online (upload to ProQuest). 
 
Supplementary Table S4. Four GOs that were significantly enriched among DEGs. logFC 
represnts the fold change of the transcription level of each gene.   
 
See this supplementary file online (upload to ProQuest). 
 
Supplementary Table S5. Sequences of primers used in this study. The bold characters with 
underline indicates the Illumina overhang adapter sequences. 
 
 
 
 
 
 
 
 
 
 
For NGS sequencing amplicons 
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
tb1a 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
GCCTTGGAGTCCCATCAGTAA 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
GGCGAGTCGATCACGGCTTGT 
tb1b 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CTTAGTGGCAGGACCTAGCG 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
GACGGCGAGTCGATCACG 
For Transgene detection 
 gRNA (Forward Primer) OsCas9 promoter (Reverse Primer) 
gRNA/
Cas9 
GTGTGGTAAAGCGGTAAGTCCATG 
CCTGTTGTCAAAATACTCAA 
For gene isolation and Sanger sequencing 
Gene Forward Primer Reverse Primer 
Pvtb1a TGCCGCTCTCTCACATTCAC GTGCATATCTTGCTGTGCCG 
Pvtb1b CTTAGTGGCAGGACCTAGCG AGTTCAACATCACGCGGTCT 
M13 
TGTAAAACGACGGCCAGT 
 
CAGGAAACAGCTATGACC 
 
122 
 
Supplementary Table S6. Information including tiller number, percentage of tiller number 
increase over wild type for plants used in morphological traits measurement.  
 
Plants produced by 
micropropagation 
Nature of mutation Tiller number % tiller number 
increase over wild 
type 
Time since plants 
moved to the soil 
97-2-1 (AaBB) tb1a heterozygous 
mutant 
53 87% 1 year 
52-1-1 (Aabb) tb1a heterozygous 
and tb1b KO mutant 
77 173% 1 year 
35-2-1 (Chimeric) Chimeric mutant of 
tb1b 
18 -36% 1 year 
35-2-2 (AABB) Wild type 34 20% 1 year 
35-2-3 (Chimeric) Chimeric mutant of 
both tb1 genes 
22 -22% 1 year 
35-2-5 (Chimeric) Chimeric mutant of 
tb1b 
39 38% 1 year 
52-1-3 (aabb) KO mutant of both 
tb1 genes 
31 45% 8 months 
52-1-5 (Aabb) tb1a heterozygous 
and tb1b KO mutant 
37 73% 8 months 
WT-1-A (AABB) Wild type 18 -16% 8 months 
WT-1-B (AABB) Wild type 23 8% 8 months 
WT-1-C (AABB) Wild type 23 8% 8 months 
T1 plants    Time since sowing 
52-1-T1-17 (AaBb) Heterozygous mutant 
for both tb1 genes 
29 45% 7 months 
52-1-T1-18 (AaBb) Heterozygous mutant 
for both tb1 genes 
24 20% 7 months 
52-1-T1-24 (AaBb) Heterozygous mutant 
for both tb1 genes 
26 30% 7 months 
52-1-T1-28 (AaBb) Heterozygous mutant 
for both tb1 genes 
30 50% 7 months 
35-1-T1-1 (AaBb) Heterozygous mutant 
for both tb1 genes 
37 85% 7 months 
52-1-T1-15 (AABb) tb1b heterozygous 
mutant 
27 35% 7 months 
52-1-T1-19 (AABb) tb1b heterozygous 
mutant 
20 0 7 months 
52-1-T1-20 (AABb) tb1b heterozygous 
mutant 
33 65% 7 months 
52-1-T1-22 (AABb) tb1b heterozygous 
mutant 
24 20% 7 months 
35-2-T1-6 (AaBB) tb1a heterozygous 
mutant 
19 -5% 7 months 
52-1-T1-13 (AABB) Wild type 20 0 7 months 
35-1-T1-3 (AABB) Wild type 18 -10% 7 months 
35-1-T1-6 (AABB) Wild type 22 10% 7 months 
35-2-T1-3 (AABB) Wild type 20 0 7 months 
35-2-T1-1 (AaBB) tb1a heterozygous 
mutant 
39 0 8 months 
52-1-T1-4 (AABB) Wild type 45 15% 8 months 
35-2-T1-2 (AABB) Wild type 33 -15% 8 months 
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Supplementary Table S7. Gene ID and amino acid sequences for phylogenetic analysis. 
 
Gene ID Amino acid sequence 
PvTB1B 
(Pavir.Ib0
4362.1) 
MFPFCDSSSPMDLPLYQQLQLSPPSPKPGQSSTSSFFYYPCSPPFAAADASFHLSYLLGSAAAAGATPVIDSPSPELP
LMEQAPAPATELDASACANAQGAGVSLDRASAAAARKDRHSKICTAGGMRDRRMRLSLDVARKFFALQDMLG
FDKASKTVQWLLNTSKAAIQEIMTDDASSECVEDGSSSLSVDGKPNQAELGLLGGGDQQPKGNGGKKPAKPRKA
ATAPKPPRKSGNAHPVPDKETRAKARERARERTKEKHRMRWVKLASAIDVEAAAASVARDSRPSSMPNNLNHH
SSSNMAACAAAELEERCSSTLNNGGRMQEITGASDVIIAFGGNGGYGGAGNYYCQEQWDLGGVVFQQNSRFY* 
PvTB1A 
(Pavir.Ia0
0838.1)  
MFPFCDSSSPMDLPLYQQLQLSPPSPKPDQSSSFFYYPCSPPFAAAADASFHLSYQLGSAAAAAATPPQAVIDSPEL
PLQPPLMEQAPAPATEQDAACADAQGAGISLDRASPAARKDRHSKICTAGGMRDRRMRLSLDVARKFFALQDM
LGFDKASKTVQWLLNTSKAAIQEIMTDDASSECVEDGSSSLSIDGKPNPAELGLGAGDQQPKGNGRSEGKKPAKP
RKAATAPKPPRKSGNAHPVPDKETRAKARERARERTKEKHRMRWVKLASAIDVEAAAASVARDRPSSMSSNLN
HHSSSNMARAAAELEERCSSTLNLNNGGRMQEITGASDVIVAFGNGGYGAGNYYCQEQWDLGGVVFQQNSRFY
* 
ZmTB1 
(AC2339
50.1_FG0
02) 
MFPFCDSSSPMDLPLYQQLQLSPSSPKTDQSSSFYCYPCSPPFAAADASFPLSYQIGSAAAADATPPQAVINSPDLP
VQALMDHAPAPATELGACASGAEGSGASLDRAAAAARKDRHSKICTAGGMRDRRMRLSLDVARKFFALQDML
GFDKASKTVQWLLNTSKSAIQEIMADDASSECVEDGSSSLSVDGKHNPAEQLGGGGDQKPKGNCRGEGKKPAK
ASKAAATPKPPRKSANNAHQVPDKETRAKARERARERTKEKHRMRWVKLASAIDVEAAAASGPSDRPSSNNLS
HHSSLSMNMPCAAAELEERERCSSALSNRSAGRMQEITGASDVVLGFGNGGGGYGDGGGNYYCQEQWELGGV
VFQQNSRFY* 
BdTB1 
(Bradi1g
11060.1) 
MFPLCDSPSPMDLPLYQQLQLSPPSLKPDPEDHHHQSSFFYYHSSPAFAGADAAFHHSCYLDPGAATLPSAEIDCS
PPPELSLMDQALPAAGNTAQGTEHHGSGSGSGVGALESRAAAAARKDRHSKICTAGGMRDRRMRLSLDVARKF
FALQDMLGFDKASKTVQWLLNTSKSAIREVMATDDMDPAHSSECEDDDGSSISLSNMPAPEKKGDRGEGKKPAT
ARAARRAANLPKPSRKSGGANAHTIPDKESRTKARERARERTKEKNRMRWVTLASTINLESAARDDELIMASPN
NNLNRSSSSSMNTAASADKLEERCCTNGGRTVQEASIASHAIMAGAFGNGGTYGSGSSSGSNYYYQHQQLEEQQ
WELGGVVFANSRLY* 
OsTB1 
(LOC_Os
03g49880
.1) 
MLPFFDSPSPMDIPLYQQLQLTPPSPKPDHHHHHHSTFFYYHHHPPPSPSFPSFPSPAAATIASPSPAMHPFMDLELE
PHGQQLAAAEEDGAGGQGVDAGVPFGVDGAAAAAAARKDRHSKISTAGGMRDRRMRLSLDVARKFFALQDM
LGFDKASKTVQWLLNMSKAAIREIMSDDASSVCEEDGSSSLSVDGKQQQHSNPADRGGGAGDHKGAAHGHSDG
KKPAKPRRAAANPKPPRRLANAHPVPDKESRAKARERARERTKEKNRMRWVTLASAISVEAATAAAAAGEDKS
PTSPSNNLNHSSSTNLVSTELEDGSSSTRHNGVGVSGGRMQEISAASEASDVIMAFANGGAYGDSGSYYLQQQHQ
QDQWELGGVVYANSRHYC* 
SbTB1 
(Sobic.00
1G12160
0.1) 
MFPFCDSSSPMDLPLYQQLQLSPPSPKPDQSSSFYCCYPCSPPFAAAAADASFHLSYQIGSAAAAIPPQAVINSPEDL
PVQPLMEQAPAPPTELVACASGGAQGAGVSVSLDRAAAAAAARKDRHSKICTAGGMRDRRMRLSLDVARKFFA
LQDMLGFDKASKTVQWLLNTSKAAIQEIMADDVDASSECVEDGSSSLSVDGKHNPAEQLGDQKPKGNGRSEGK
KPAKSRKAATTPKPPRKSGNNAHPVPDKETRAKARERARERTKEKHRMRWVKLASAIDVEAAAASVASDRPSS
NHLNHHHHSSSSMNMPRAAEAELEERERCSSTLNNRGRMQEITGASEVVLGFGNGGGYGGGNYYCQEQWELGG
VVFQQNSRFY* 
PhTB1 
(Pahal.I0
2078.1) 
MFPFCDSSSPMDLPLYQQLQLSPPSPKPDQSSSFFYYPCSPPFAAAAADASFHLSYQLGSAAAAATPPQAVIDSPEL
PAQPLMEQAPAPASELDAACANAQGAGVSLDRASAVARKDRHSKICTAGGMRDRRMRLSLDVARKFFALQDM
LGFDKASKTVQWLLNTSKAAIQEIMTDDASSECAEDGSSSLSVDGKPNPVELGLGGGDQQPKCNDRSEGKKPAK
ARKAATAPKPPRKSGNAHPVPDKETRAKARERARERTKEKHRMRWVKLASAIDVEAAAASVARDRPSSNNLNH
HSSSNMACGAAELEERCSSTLNNGGTRMQEITGASDVILAFGNGGYGAAGNYYCQEQWDLGGVVFQQNSRFY* 
BRC1 
(AT3G18
550.1) 
MNNNIFSTTTTINDDYMLFPYNDHYSSQPLLPFSPSSSINDILIHSTSNTSNNHLDHHHQFQQPSPFSHFEFAPDCAL
LTSFHPENNGHDDNQTIPNDNHHPSLHFPLNNTIVEQPTEPSETINLIEDSQRISTSQDPKMKKAKKPSRTDRHSKIK
TAKGTRDRRMRLSLDVAKELFGLQDMLGFDKASKTVEWLLTQAKPEIIKIATTLSHHGCFSSGDESHIRPVLGSM
DTSSDLCELASMWTVDDRGSNTNTTETRGNKVDGRSMRGKRKRPEPRTPILKKLSKEERAKARERAKGRTMEK
MMMKMKGRSQLVKVVEEDAHDHGEIIKNNNRSQVNRSSFEMTHCEDKIEELCKNDRFAVCNEFIMNKKDHISNE
SYDLVNYKPNSSFPVINHHRSQGAANSIEQHQFTDLHYSFGAKPRDLMHNYQNMY* 
BRC2 
(AT1G68
800.1) 
MFPSLDTNGYDLFDPFIPHQTTMFPSFITHIQSPNSHHHYSSPSFPFSSDFLESFDESFLINQFLLQQQDVAANVVESP
WKFCKKLELKKKNEKCVDGSTSQEVQWRRTVKKRDRHSKICTAQGPRDRRMRLSLQIARKFFDLQDMLGFDKA
SKTIEWLFSKSKTSIKQLKERVAASEGGGKDEHLQVDEKEKDETLKLRVSKRRTKTMESSFKTKESRERARKRAR
ERTMAKMKMRLFETSETISDPHQETREIKITNGVQLLEKENKEQEWSNTNDVHMVEYQMDSVSIIEKFLGLTSDSS
SSSIFGDSEECYTSLSSVRGMSTPREHNTTSIATVDEEKSPISSFSLYDYLCY* 
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CHAPTER 4 CONCLUSIONS AND FUTURE DIRECTION 
The advent of facile genome editing using CRISPR/Cas9 is revolutionizing the plant 
research and breeding. In this dissertation, an efficient CRISPR/Cas9-based genome-editing 
tool was successfully established for the tetraploid switchgrass cultivar ‘Alamo’. Using this 
CRISPR/Cas9 system, multiplex genome editing was achieved in switchgrass by 
simultaneously targeted two genes with a single construct. The detection of CRISPR/Cas9-
induced mutations in polyploidy species can be challenging. In this study, we enriched the 
mutant alleles by restriction enzyme digestion to effectively detect the mutations induced by 
CRISPR/Cas9 in the primary mutants. Further, solid mutants were successfully isolated from 
chimeric T0 mutants. The allelic composition of Pvtb1 genes in solid mutants was fully 
characterized by NGS technique. Additionally, we demonstrated that CRISPR/Cas9-induced 
mutations can transmit to the next generation. More importantly, transgene-free switchgrass 
mutants were obtained in this research, which provided valuable materials for switchgrass 
breeding. Overall, this CRISPR/Cas9 system is a powerful tool which will facilitate 
molecular biology and genetics research, as well as breeding efforts in switchgrass. In the 
future, it is worth to test if this CRISPR/Cas9 system can be applied in other switchgrass 
germplasms for genome editing. Additionally, this study only focused on the NHEJ-based 
mutations induced by CRISPR/Cas9 system in switchgrass, while the Homology Directed 
Repair (HDR)-based genome editing methods have not been applied in switchgrass. Hence, 
to achieve the precise genome editing in switchgrass, HDR-based genome editing tools need 
to be developed for switchgrass.  
Furthermore, this dissertation sheds light on the tillering mechanism of switchgrass 
by characterizing the function of Pvtb1 genes using CRISPR/Cas9 induced mutants. We 
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show that Pvtb1 genes negatively control tillering in switchgrass, where Pvtb1b plays a major 
role. However, due to the lack of homozygous knockout mutants for Pvtb1 genes, the 
function of Pvtb1a gene and the exact relationship between Pvtb1 genes remains to be 
determined. Hence, the next step for this project would be obtaining enough homozygous 
Pvtb1a, Pvtb1b and Pvtb1a-Pvtb1b mutants by crossing T1 mutant plants. We expect to have 
a clear picture about the Pvtb1 genes’ function in tillering by comparing the morphological 
traits of Pvtb1a and Pvtb1b single mutants to the wild type plants. Investigation of the 
morphological traits of the homozygous Pvtb1a-Pvtb1b double mutants would allow us to 
reveal that whether Pvtb1 genes function redundantly or additively. Another interesting 
question we would like to answer is that where the increased tillers in mutants originate. It 
has been shown that TB1/BRC1 inhibits bud outgrowth rather than buds formation in maize, 
rice, sorghum and Arabidopsis (Aguilar-Martinez et al., 2007; Hubbard et al., 2002; Kebrom 
et al., 2006; Takeda et al., 2003). Tillers in switchgrass emerge from the axillary buds of 
crown or rhizome nodes. The preliminary data showed that the average node number in each 
tiller in heterozygous Pvtb1b and Pvtb1a-Pvtb1b mutants was about five which is similar to 
the wild type plants (Figure 1). Hence, we speculated that Pvtb1 genes do not regulate the 
nodes number aboveground. Rather, it is more likely that the increased tillers in the mutants 
originated from the nodes at or below the soil surface (Figure 2). Therefore, it is worth 
investigating the Pvtb1 gene function in crown or rhizome node initiation and outgrowth.  
Transcriptomic analysis of the Pvtb1a-Pvt1b knockdown mutant showed that Pvtb1 
genes regulate the expression levels of 831 genes that are involved in different biological 
processes. These results suggested that Pvtb1 genes is likely involved multiple pathways to 
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negatively regulate tillering in switchgrass. In the future, we would like to confirm if Pvtb1 is 
involved in these pathways with some experimental evidence.  
Overall, this dissertation provided a CRISPR/Cas9-based genome editing tool for 
switchgrass and characterized the function of Pvtb1 genes. The CRISPR/Cas9-based genome 
editing system in switchgrass would allow scientists to obtain knockout or knockdown 
mutants for characterizing function of specific genes within two generations (T0 or T1). 
Additionally, the enhanced tiller number of heterozygous Pvtb1b mutants suggested that 
biomass yield of switchgrass can be improved by modification of the Pvtb1b gene function to 
obtain increased tiller production. Further, the transgene-free mutants described in this study 
would be valuable germplasm for switchgrass breeding.  
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Figures 
 
Figure 1. Average number of nodes for one tiller in T1 plants. Bar indicates the standard 
deviation. Average were obtained by taking the mean of four plants with three tillers sampled 
per plant.  
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Figure 2. Emerging tillers from crown or rhizome nodes. Red circles indicated the 
elongating nodes. 
 
 
 
 
 
 
 
 
 
 
